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I. INTRODUCTION 
The erythrocyte ghost can be defined as the membrane 
of the red cell, which has been prepared from the intact 
erythrocyte by mild osmotic hemolysis. It has been well 
characterized chemically and morphologically, but has not 
been considered as a metabolic unit. The purpose of this 
study is twofold. The primary purpose is to elucidate the 
extraglycolytic pathways of metabolism in the erythrocyte, 
mainly through the study of the metabolism of nucleosides 
in the erythrocyte ghost. The secondary purpose is to 
study the effect of hemolysis on the metabolism of the 
human erythrocyte, by a comparison of the metabolism of 
the erythrocyte ghost and the intact red cell. 
I I . BACKGROUND 
The mammalian erythrocyte can be regarded as an 
atypical and specialized cell, when one considers stru-
cture, function and metabolism. The main function of the 
erythrocyte is the transport of oxygen and carbon dioxide 
between the tissues and the lungs. The red cell is adapted 
for this function since it consists of over 90% hemoglobin. 
Functionally, to carry out its purpose, the cell must 
maintain its shape, electrolyte composition, and keep heme-
globin in the reduced state. The processes of metabolism 
in the red cell must keep the cell in this functional state. 
STRUCTURAL AND CHEMICAL PROPERTIES OF THE RED CELL MEMBRANE 
Structurally, the erythrocyte consists of a membrane 
enclosing hemoglobin. In the mature erythrocyte there is no 
nucleus or cytoplasmic organelles such as mitochondria, 
(1) 
microsomes, or golgi apparatus . When hemoglobin is removed 
from the cell by hemolysis we have left the "erythrocyte 
ghost", stroma, or membrane. Most of the analyses on the 
structure of the red cell membrane have been performed on 
ghosts and some of the variability of results that have been 
obtained are accounted for by differences in preparation of 
the ghosts. The erythrocyte ghost consists of lipid and 
1. Bessis, M., Cytology of the Blood and Blood Forming Organs, 
Translated by Ponder, E., Chapter IX, Grune and Stratton, 
N.Y., (1956). 
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protein( 2 ) and contains nearly all of the lipid of the 
(3) 
red cell • 
(3) (4) 
Analyses of lipids of ghosts by Erickson and Hack 
indicate that about 65% of the lipids of the membrane are 
phospholipids, consisting of cephalin (46%), lecithin (11%), 
and sphingomyelin (8%). The remaining lipids of the ghost 
are cholesterol, both free (20%) and bound (4%) and a minute 
amount of neutral fat. (5) Parpart further subdivides the 
lipids of the red cell by their relative binding strength 
to proteins. The phospholipids are strongly bound, whereas 
cholesterol is weakly bound to the proteins of the membrane. 
The phospholipids appear to be oriented towards the surface 
of the cell as evidenced by the action of lipase on the 
(6) (7) ghost and the electrophoretic properties of the red cell . 
2. Parpart, A.K., Dziemian, A.J., The chemical composition of 
the red cell membrane. Cold Spring Harbor Symposium~: 
17-24 (1940). 
3. Erickson, B.N., Williams, H.H., Berstein, S.S., Avrin,I., 
Janes, R.L., Macy, I.G., The Lipid Distribution of Post 
Hemolytic Residue or Stroma of Erythrocytes. J. Biol. 
Chem. ~: 515-528 (1938). 
4. Hack, M.H., Estimation of the phospholipids in human 
blood. J. Biol. Chem. 169: 137-143 (1947). 
5. Parpart, A.K. and Ballentine, R., Molecular anatomy of the 
red cell plasma membrane. Modern trends in physiology and 
biochemistry. Ed. by E.S.G. Barron, Acad. Press. N.Y., 
pp. 135-148 (1952). 
6. Ballentine, R., and Parpart, A.K., The action of lipase on 
the red cell surface., J. Cellular and Comp. Physiol.,~: 
49-54 (1940). 
7. Ponder, E., Electrophoretic mobility of red cells and ghosts. 
J. Exper. Biol. ~: 175-179 (1955). 
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The protein of the red cell membrane has been 
isolated and found to be acidic in nature and resembles 
(8) 
neither fibrin nor globulin, hemoglobin nor globin . 
The protein "sui generis" has been called stromatin by 
(9) Moskowitz and is thought to be an altered protein. 
According to Moskowitz, the red cell ghost contains two 
components; S-protein and stromin. Extraction of stromin 
with ether removes some of the lipids and gives elinin. 
Further extraction of elinin with alcohol and ether gives 
the insoluble stromatin. Moskowitz describes the ghost: 
"Long fibrillar material called elinin is arranged 
in such a manner that the fibrils lie side by side 
and parallel to the surface of the cell. These are 
joined together by ether extractable lipids to form 
stromin. Hamglobin and S-protein and possibly other 
components are associated with stromin to form the 
red cell membrane.'' 
(2) 
The ratio of lipids to proteins in the ghost is 1:1.76 . 
Studies with polarized light show a double refraction with 
(10) polarized light and this is interpreted by Ponder to 
mean that the proteins are arranged tangentially and the lipids 
8. Jorpes, E., The protein component of the erythrocyte 
membrane or stroma. Biochem. J. ~: 1488-1503 (1932). 
9. Moskowitz, M. and Calvin, M., On the components and 
structure of the human red cell membrane. Exper. Cell 
Res. ~: 33-46, (1952). 
10. Ponder, E., Present concepts of the structure of the 
mammalian red cells. Blood~: 227-233 (1954). 
arranged radially, Rather than sharply defined layers of lipid 
and proteins, the membrane is considered presently to consist of 
a lipoprotein complex, 
The thickness of the red cell ghost has been a matter of 
much controversy, From calculation of the total lipid a value 
of at least soX is calculated< 2 >. Measurements with an analytical 
leptiscope estimate the thickness as lOOX (ll), while studies with 
electron microscopy estimate the thickness at 250X (12) and at soX 
(13) The thickness of the ghost is not uniform,varying as much 
as 100% from region to region, (ll), and may depend on the hydration 
of the preparation used by different investigators. 
Erythrocyte ghosts have been studied carefully for fine 
structure by electron microscopy (13,14) Data indicated that 
the surface consists of a mosaic of structures called plaques, 
0 30 x 200A in size which are probably identical with elinin, A 
11, Waugh, D.F. and Schmitt, F.O., Investigations of the thickness 
and ultrastructure of cellular membranes by the analytical 
leptiscope, Cold Spring Harbor Symposia on Quantitative Biology 
~: 233•240, (1940). 
12, Wolpers, C., Zur Feinstructur der Erythrocytenmembran 
Naturwissenshaften, ~: 416M420, (1941), 
13. Hillier, J. and Hoffman, J.F., On the ultrastructure 
plasma membrane as determined by electronmicroscopy. 
~ Comp, Physiol., ~: 203-247 (1953), 
of the 
J. Cell, 
14, Hoffman, J.F., On the reproducibility of the observed ultra" 
structure of the normal mammalian red cell plasma membrane. 
J. Cell. ~ Comp, Physiol, 12: 261-288 1 (1956), 
fibrous component 20•200A is interspersed between layers of 
plaques. Ether"alcohol"chloroform extraction separates the 
plaques and fibers. The surface of the cell is found by 
electron microscopy to be ordered and oriented, and the cell 
appears to be free of any internal structure. 
Chemical and structural studies of the ghost or red cell 
membrane have given some insight into the complexity and order 
of the red cell membrane but leave much to be explained about 
the orientation of the components of the membrane and the 
relation of the structure of the ghost to the dynamics of the 
erythrocyte. 
METABOLISM OF THE ERYTHROCYTE 
The Red Cell as a Dynamic Unit 
The viewpoint that the red cell is a mere inert membrane to 
keep hemoglobin contained within the cell has given way to the 
view that the cell is a living, metabolixing entity. The energy 
of metabolism of the cell can be considered to be needed to main• 
tain the integrity of the membrane, to keep the proper electrolyte 
composition in the cell, and to maintain the iron of hemoglobin in 
the reduced state. The red cell, however, not containing a nucleus, 
is unable to reproduce itself, and is lacking in many of the cyto" 
plasmic organelles found in most somatic cells. Because of its 
structural simplicity, it would be expected to have a simplified 
metabolism. In the maturation of the reticulocyte to the normocyte, 
there is a loss of the nucleus and mitochondria, and a loss of its 
ability to further synthesize any more enzymes. Thence there may 
-7-
be a correlation between the age of the cell and its content 
of enzymes (l 5 ), and the life span of the red cell may be a 
function of the process of the life of the cell, a process of 
dying. The red cell possesses little synthetic ability as far 
as the synthesis of proteins or fats are concerned. There has 
been found to be no synthesis or turnover of hemoglobin in the 
mature red cell, or incorporation of radioactive amino acids 
(16 17) into the stroma proteins ' . The reticulocyte does have 
the ability of protein synthesis; on maturation of the cell to 
a normocyte with a loss of ribonucleic acid, there is a loss of 
(18) the ability to synthesize protein . Although it has been 
reported that there is an incorporation of acetate-2-C14 into 
the lipids of the red cell,Cl 9 ) there is doubt that any signifi-
cant lipid synthesis takes place. There is no synthesis of 
15. Allison, A.C. and Burn, G.P., Enzyme activity as a function 
of age in the human erythrocyte. Brit. J. Hematol., ~: 
291-303 ( 1955) 0 
16. Muir, H.M., Neuberger, A. and Perrone, J.C., Further isotopic 
studies on hemoglobin formation of the rat and rabbit. Biochem. 
J. ~: 87-95, (1952). 
17. Tishkoff, G.B., Yuile, C.L., Robschiet-Robbins, F.S., and 
Whipple, G.B., Red cell stroma and hemoglobin metabolism in 
a~emic dogs. Regeneration of red cell proteins labeled with 
C 4 lysine. J. Exper. Med. ~: 713-723, (1955). 
18. Borsook, H., Deasy, C.L., Haagen-Smith, A.J., Keighley, G. and 
Lowy, P.H., Incorporation~ vitro of labeled amino acids into 
the proteins of rabbit reticulocytes. J. Biol. Chern . .1.!!.!!.: 
669-694, (1952) 0 
19. Altman, I. I., The~ vitro incorporation of 2-C14 acetate 
into the stroma of the erythrocyte. Arch. Biochem. and 
Biophys . .1e: 478-480, (1953). 
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(20) 
cholesterol from acetate and no significant incorporation of 
glucose carbon into the trichloroacetic acid insolubles of the 
cell (lll.). 
Glycolysis and Carbohydrate Metabolism in the Red Cell 
It has been recognized since as early as 1890 that blood 
withdrawn from the animal would consume glucose( 22 >. This activity 
has been found to be due largely to the erythrocytes( 23 >. With the 
disappearance of glucose there has been found to be a production of 
lactic acid( 24 >. 
The red cell has subsequently been noted to carry out all the 
steps of glycolysis found in other tissues. Bartlett has separated 
20. London, I.M. and Schwartz, H., Erythrocyte metabolism. The 
metabolic behavior of the cholesterol of human erythrocytes, 
J. Clin. Invest. ~~ 1248-1252 (1953). 
21. Bartlett, G.R. and Marlow, A.A., The flow of c14 glucose carbon 
into lactic acid, carbon dioxide, cell polymers and carbohydrate 
intermediate pool. J. Lab, and Clin. Med. ~: 178-187 (1953), 
22. Denstedt, O.F., The enzymology of the erythrocyte in Blood Cells 
and Plasma Proteins; Their State in Nature. Ed. Tullis, J.L., 
Academic Press, N.Y., 223-253 (1953). 
23. MacLeod, J,J.R., Blood glycolysis: its extent and significance 
in carbohydrate metabolism. The supposed existence of "sucre 
virtuel" in freshly drawn blood. J, Biol. Chem. 15: 497-514 
(1913). 
24. Lundsgaard, E., Die Glycolyse, Ergenbnisse der Enzymforschung. 
_a: 184-189 (1933). 
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many of the carbohydrate intermediates by chromatography and 
has quantttated them( 25 >. The results are summarized below. 
COMPOUNDS FOUND IN TCA EXTRACT FROM lOOML OF BLOOD 
Compound 
Adenosine monophosphate 
Adenosine diphosphate 
Adenosine triphosphate 
Glucose monophosphate 
Fructose monophosphate 
3-phosphoglycerate 
2, 3~iphosphoglycerate 
Fructose diphosphate 
Inorganic phosphate 
Total phosphorus 
Micromoles 
1. 1 
11.6 
45.2 
2 (?) 
1 (?) 
3.0 
157 
10.5 
21.0 
597 
Red cells account for 80% of the glycolysis of blood and 
utilize about 35 mgm. of glucose/100 mls. red cells/hour at 
The hexokinase of the red cell differs from that 
f th ti i it i ff t d b insulin Or by ACTH(27). o o er ssues s nee s una ec e y 
25. Bartlett, G.R., Savage, E., Hughes, L. and Marlow, A.A., 
Carbohydrate intermediates and related cofactors in human 
erythrocytes. J. Applied Physiol., ~: 51-56 (1953). 
26. Bartlett, G.R., and Marlow, A.A., Comparative effects of 
the different formed elements of normal human blood on 
glycolysis. J. Applied Physiol. ~: 335-347 (1953). 
27. Christensen, W.R., Plimpton, C.H. and Ball, E.G., Hexokinase 
of the rat erythrocyte and the influence of hormones and 
other factors on its activity. J. Biol. Chem. 180: 791-
802 (1949). 
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In addition to glucose, the red cell can metabolize 
galactose, The galactose is phosphorylated with ATP and 
further converted to glucose phosphate, as shown by oxida-
tion of the latter ester in the presence of methylene blue 
(28,29) The product of the phosphorylation, galactose-! 
-phosphate, does not normally accumulate in the cell but is 
further metabolized< 30 >. The steps in the conversion of 
galactose-1-phosphate to glucose phosphate in red cells 
(31 32 33) have been elucidated by Kalckar, ' ' : 
28. Nossal, P.M., The metabolism of erythrocytes, 1. Respir-
ation in the absence and presence of methylene blue. 
Australian J. Exper. Biol. & Med, Sci. ~: 123-158 (1948). 
29. Feigelson, P. and Conte, F.P., Studies on adaptive enzyme 
formation in mammals. l, Galactose metabolism. J. Biol, 
Chem. 207: 187-192 (1954). 
30. Schwarz, V., Goldberg, L., Konirower, G.M. and Holzel, A., 
Some disturbances of erythrocyte metabolism in galactosemia. 
Biochem. J., 62: 34-42 (1956), 
31, Kalckar, H.M., Anderson, E.P. and Isselbacher, K.J., 
Galactosemia, a congenital defect in a nucleotide trans-
ferase: A preliminary report. Proc. Natl. Acad. Sci., 
u.s. 42: 49-51 (1956). 
32. Kalckar, H.M., Anderson, E.P. and Isselbacher, K.J. 
Galactosemia, a congenital defect in a nucleotide trans-
ferase. Biochim. et biophys. acta. ~: 262-268 (1956). 
33. Anderson, E.P., Kalckar, H.M. and Isselbacher, K.J., Defect 
in the uptake of galactose-1-phosphate into liver nucleotides 
in congenital galactosemia. Science~: 113-114 (1957). 
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(1) galactose-1-P ~ uridine diphosphoglucose ~ glucose-
1-P I uridine diphosphogalactose 
(2) uridine diphosphogalactose __. uridine diphosphoglucose 
(3) uridine diphosphoglucose I pyrophosphate ~ uridine 
triphosphate I glucose-1-P. 
The above three steps are catalyzed by the enzymes, galactose-
!-phosphate uridyl transferase, uridine,diphosphogalactose-4-
epimerase, and uridine diphosphoglucose pyrophosphorylase. 
The red cell has also been reported tomilize fructose 
and mannose, but at a much slower rate than it utilizes glucose 
(27) 
Role of 2.3 Diphosphoglyceric acid 
It will be noted from the analyses of the phosphate esters 
presented above that there is a very large amount of 2,3 
diphosphoglyceric acid in the red cell. This ester, which was 
. (34) 
discovered in blood by Greenwald, is estimated to constitute 
over half of the acid soluble phosphate of the red cell( 35 >. 
Its relatively high concentration is a variant of glycolysis 
peculiar to red cells, as only trace quantities are found in 
34. Greenwald, I., A new type of phosphoric acid compound 
isolated from blood, with some remarks on the effect of 
substitution on- the rotation of glyceric acid. J. Biol. 
Chem. ~: 339-349 (1925). 
35. Guest, G.M. and Rapoport, S., Organic acid-soluble phos-
phorous compounds of the blood. Physiol. Rev. ~: 410-
437 (1941). 
-12-
(36) 
other tissues . (37) 14 Studies by Bartlett utilizing C -
glucose, indicate that this ester has a high turnover and 
must take an active part in glycolysis. This conclusion has 
been confirmed by studies of the incorporation of radioactive 
phosphate into red cell esters during glycolysis< 38 • 39 >. 
Diphosphoglycerate maintains its level during normal glycolysis 
( 4 0) but is decomposed if blood becomes acidic( 41 >. The reg-
ulation of the level of the ester appears to be an important 
function of glycolysis in the red cell, because as a major 
36. Sutherland, E.W., Posternic, T. and Cori, C.F., Mechanism 
of the phosphoglyceric mutase reaction. J. Biol. Chem., 
~: 153-159 (1949). 
37. Bartlett, G.R. and Marlow, A.A., Erythrocyte carbohydrate 
metabolism. II. Chromatographic isolation of monophospho-
glycerate diphosphoglycerate and adenosine triphosphate 
and their metabolic turnover with glucose carbon. J. Lab. 
and Clin. Med. 42: 188-192 (1953). 
38. Gourley, D.H.R., Glycolysis and phosphate turnover in 
human erythrocytes. Arch. Biochem. and Biophys. 40: 
13-19 (1952). 
39. 'rankerd, T.A.J. and Altman, K.I., A study of the metabol-
ism of phosphorus in mammalian red blood cells. Biochem. 
J. ~: 622 (1954). 
40. Mueller, C.B. and Hastings, A.B., Glycolysis and phosphate 
fractions of red blood cells. J. Biol. Chem. 189: 881-888 
(1951). 
41. Rapoport, S. and Guest, G.M., The decomposition of diphospho-
glycerate in acidified blood. Its relationship to reactions 
of the glycolytic cycle. J. Biol. Chem. ~: 781-789 (1939). 
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anion of the cell, it may play a role in maintaining the 
electrolyte composition of blood and regulation of acid-
base balance( 42 >. Hydrolysis of 2,3 diphosphoglycerate will 
make available base capacity because of this higher acidity 
of phosphate ester as compared to inorganic phosphate. 
2,3 diphosphoglycerate arises from 1,3 diphosphoglycerate by 
the action of the enzyme phosphoglycerate mutase< 43 • 44 >. The 
breakdown of 2,3 diphosphoglycerate is accomplished by a 
specific phosphatase( 45>. Rapoport suggests that the high 
level of 2,3 diphosphoglycerate in the red cell may be due to 
the high activity of the enzyme forming 2,3 diphosphoglycerate 
42. Rapoport, S. and Guest, M., The role of diphosphoglycerate 
in the electrolyte equilibrium of the blood. J. Biol. 
Chem. ~: 675-689 (1939). 
43. Rapoport, S. and Leubering, J., Formation 
phoglyceric acid in rabbit erythrocytes. 
of a diphosphoglycerate mutase. J. Biol. 
507-516 (1950). 
of 2,3-diphos-
The existence 
Chem. ~: 
44. Rapoport, S. and Luebering, J., An optical study of diphos-
phoglycerate mutase. J. Biol. Chem. ~: 583-588 (1952). 
45. Rapoport, S. and Luebering, J., Glycerate 2,3-diphosphatase. 
J. Biol. Chem. ~: 683-694 (1951). 
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coupled with the low activity of the phosphatase< 45 >. 
It has been speculated that this ester may serve as a 
reserve supply of phosphate and may be a precursor of ATP 
phosphate, but there is little evidence to support this 
hypothesis. (46) Rapoport discusses the role of diphospho-
glyceric acid in the red cell, and suggests that diphospho-
glycerate is involved in a finely balanced regulation of 
glycolysis. He proposes a cycle (see below) in which the 
interrelationships of the phosphoglyceric acids are shown. 
1,3-Diphosphoglyceric •A~c•i•d;. ...... 
ADP ~ ~ 2,3-Diptosphoglyceric Acid 
ATP 3-Phosphoglyceric Acid ~ 
1~ ~i~rganic phosphate 
2-Phosphoglyceric Acid 
2,3-diphosphoglyceric acid arises from 1,3-diphosphoglyceric 
acid by action of a diphosphoglyceric acid mutase. 3-phospho-
glyceric acid is an activator of this reaction, and 2,3-dipho-
sphoglyceric acid an inhibitor. The breakdown of 2,3-phospho-
glyceric acid by the specific phosphatase is activated by 
2-phosphoglyceric acid. 2,3-diphosphoglyceric acid may also 
act as an activator of phosphoglyceric mutase, converting 3-
phosphoglyceric acid to 2-phosphoglyceric acid( 36 >. 
46. Rapoport, S. and Nieradt, C., lnwieweit Verla~ft die 
Glykolyse im Saugetiere erythrocyten uber 2,3-Diphos-
phoglycerinsaure. Uber ein Variants des glykolytischen 
Cyclus auf dem Nirveau der Phosphoglycerinsaure. Biochem. 
Ztschr. ~: 231-236 (1955). 
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The above discussion shows that 2,3-diphosphoglycerate 
cycle plays a multiple role in the red cell, and may in-
directly regulate the amount of ATP in the cell (which 
would arise from the action of phosphotransferase on 1,3-
diphosphoglycerate). Its role in this respect will be 
further discussed in the section on energetics of the red 
cell. In a recent paper, it has been reported that 2,3-
diphosphoglycerase is activated by NaHS03 or Na2s 2o3 <
4?). 
There is an accumulation of inorganic phosphate and no 
change in the ATP level of the,cell. If the bisulfite is 
washed from the cell, it is found that the cell low in 2,3-
diphosphoglycerate carries on glycolysis as does the normal 
red cell (utilizing glucose and producing lactic acid at 
normal rates) but not building 2,3-diphosphoglycerate to 
any great extent. These results do not invalidate the 
theories of Rapoport but indicate that a high level of this 
ester is not a requisite for the metabolism of the cell. 
Respiration in red cells 
The predominant anaerobic character of the metabolism 
of the red cell was recognized by Warburg in 1909( 48 ) and 
47. Manyai, S. and Varady, Zs., Elektive Spaltung der 2,3-
Diphosphoglyzerinsaure in Erythrocyten. Biochim. et 
biophys. acta.~: 294-295 (1956). 
48. Warburg, 0., Zur Biologie der roten B1utzel1en, Zt•ckr. 
f. Physio1. Chem. ~: 112-121 (1909). 
-16-
(49) Harrop in 1919 • In comparison to reticulocytes, red 
cells were found to consume negligible amounts of oxygen. 
The mature mammalian normocyte lacks a cytochroae system< 22 ) 
which is found in avian erythrocytes< 5 0) and mammalian 
reticulocytes( 5 l). Studying the ~ vitro maturation of 
(51) 
rabbit reticulocytes , it has been found that there is 
a gradual loss of cytochrome oxidase, succinic dehydrogenase, 
and aconitase, until in the mature cell these enzymes are 
completely absent. There appear traces of the Krebs cycle 
(52) 
enzymes, fumarase and malic dehydrogenase , isocitric 
(51) dehydrogenase, and aconitase in the mature red cell, 
but the complete cycle is definitely non-functioning. The 
red cell has a very small true respiration< 53 ) which is 
49. Harrop, G.A., The oxygen consumption of human erythro-
cytes. Arch. intern. Med. ~: 745-752 {1919). 
50. Rubinstein, D. and Denstedt, O.F., Metabolism of the 
erythrocyte. III. The tricarboxylic acid cycle in the 
avian erythrocyte. J. Biol. Chem. 204: 623-637 (1953). 
51. Rubinstein, D., Ottolenghi, P. and Denstedt, O.F., The 
Metabolism of the Erythrocyte. XIII. Enzyme activityin 
the reticulocyte. Canad. J. Biochem. and Physiol. ~: 
222-235 (1956). 
52. Quastel, J.H. and Wheatley, A.H.M., Anaerobic oxidations. 
Ferricyanide as a reagent for manometric investigation 
of dehydrogenase systems. Biochem. J. ~: 936-943 (1938). 
53. Harrop, G.A. and Barron, E.S.G., Studies on blood cell 
metabolism. I. The effect of methylene blue and other 
dyes on the oxygen consumption of mammalian and avian 
erythrocytes. J. Exper. Med. ~: 207-223 (1928). 
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(54) 
accompanied by the production of C02 and heat . 
Warren states that this is a very significant respiration 
(55) 
and accounts for 60% of the energy production of 
the cell. This viewpoint is not held by most workers. 
Hexose Monophosphate Shunt 
It was found by Harrop that the addition of methylene 
(53) blue to red cell elicited a remarkable and true respiration . 
The substrate for the oxidation was glucose, and the respir-
ation was found insensitive to cyanide. Warburg and his 
collaborators< 56 • 57 ) found that this phenomenon would not 
take place in the hemolyzed cell with glucose, but on the 
addition of glucose-6-phosphate to the hemolyzed cell the 
same effect could be shown. Methylene blue acted catalyti-
(57) 
cally and required the presence of an enzyme zwischen-
ferment (glucose-6-P dehydrogenase) and a coenzyme. The 
54. Ramsey, R. and Warren, C.O., The rate of respiration. 
in erythrocytes. Quart. J. Exper. Physiol. ~: 213-
229 (1930). 
55. Warren, C.L. and Ponder, E., Hemolysis and Related 
Phenomena. Ed. Ponder, E., Grune and Stratton, N.Y. 
366-367 (1948). 
56. Warburg, 0. and Christian, W., Activierung von Kohlen-
hydrat in roten Blutzellen. Biochem. Ztschr. 238: 131-134 
(1931). 
57. Warburg, 0. and Christian, W., Uber Aktivierung der 
Robinsonchen Hexose-Monophosphosaure in roten Blutzellen 
und die Gewinnung activierender Fermentlosungen. Biochem. 
Ztschr. 242: 206-227 (1931). 
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product of the oxidation was identified as 6-phosphogluconic 
(58) 
acid and the coenzyme as TPN. 6-phosphogluconic acid 
is further oxidized in the presence of TPN and methylene 
blue and simultaneously decarboxylated< 59 >. Methylene blue 
acted by oxidizing the reduced coenzyme in the red cell in 
the absence of gelbferment, a flavin enzyme< 58 >. Methylene 
blue can also stimulate the oxidation of lactlc acid to 
pyruvic acid( 6 0) by regenerating oxidized diphosphopyridine 
nucleotide. 
Intermediates of the Hexose Monophosphate Shunt 
The individual steps in the oxidation of glucose have 
been in large worked out in tissues other than the red cell. 
Since the present study involves alternate pathways of 
carbohydrate metabolism in the red cell, this work will be 
reviewed. The steps of the oxidation of glucose-6-phosphate 
to phosphogluconic acid have been shown above. It was shown 
58. Warburg, 0., Christian, W. and Griese, W., Wasserstoff-
ubertragendes co-ferment, se·me Zusammensetzung und 
Wirkungsweise. Biochem. Ztschr. 282: 157-205 (1935). 
59. Dickens, F., Oxidation of phosphohexonate and pentose 
phosphoric acids by yeast enzymes. Biochem. J. ~: 
1626-1644 (1938). 
60. Wendel, W.B., Oxidations by erythrocytes and the cata-
lytic influence of methylene blue. I. Oxidation of 
lactate to pyruvate. J. Biol. Chem. dQl: 373-383 (1933). 
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(61) 
by Lipmann that the intermediate product in this 
reaction was 6-phosphogluconolactone. The formation of 
ribose-5-phosphate by reductive decarboxylation of 6-
phosphogluconate was first shown by Dickens< 59 ) and 
confirmed and extended by Horecker, who identified the 
primary product of the decarboxylation as ribulose-5-
(62) phosphate . Ribulose-5-phosphate is in equilibrium 
(62) 
withribose-5-phosphate . The pentose phosphate was 
found to be converted to hexose< 63 ) by a number of steps 
involving the enzymes transketolase and transaldolase .. 
(64 65) Stepwise, phosphopento-epimerase ' converts ribulose-
phosphate into xylulose-phosphate. In the presence of 
transketolase, ribose-5-phosphate and xylulose-5-phosphate 
give rise to sedoheptulose-7-phosphate and glyceraldehyde-3-
61. Cori, 0. and Lipmann, F., The primary oxidation 
product of enzymatic glucose-6-phosphate oxidation. 
J, Biol. Chem. ~: 677-685 (1955). 
62. Horecker, B.L., Smyrniotis, J.Z. and Seegmiller, J.E. 
The enzymatic conversion of 6-phosphogluconate to ribu-
lose-5-phosphate. J. Biol. Chem. 193: 383-396 (1951). 
63. Horecker, B.L., Gibbs, M., Klenow, H. and Smyrniotis, 
P.Z., The mechanism of pentose phosphate conversion to 
hexose monophosphate. I. With a liver enzyme preparation. 
J. Biol. Chem. ]&2: 393-403 (1954). 
64. Hurwitz, J. and Horecker, B.L., The purification of 
phosphoketopentoepimerase from Lact6bacillus pentosus 
and the preparation of xylulose-5-phosphate. J. Biol. 
Chem. ~: 993-10008, (1956). 
65. Horecker, B.L., Smyrniotis, P. Z. and Hurwitz, J., The 
role of xylulose-5-phosphate in the transketolase reaction. 
J. Biol. Chem. ~: 1009-1019 (1956). 
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phosphate( 66 >. These latter esters react in the presence 
of transaldolase( 67 ) to form fructose-6-phosphate and 
erythrose-4-phosphate. The erythrose phosphate produced 
can react with a molecule of xylulose-5-phosphate to give 
fructose-6-phosphate an glyceraldehyde-3-phosphate, the 
enzyme for the reaction being transketolase. Transketolase 
is a thiamine-pyrophosphate-dependent enzyme( 68 >, and can 
react with xylulose-5-phosphate, sedoheptulose-7-phosphate, 
(69) 
fructose-6-phosphate, and L-erythrulose which esters 
all have the same configuration of carbons 1 to 4. 
The acceptor molecule of the "active glycolaldehyde" 
which is transferred can be ribose-phosphate or erythrose-
phosphate, both aldoses. Transaldolase appears to be 
specific for transferring a three carbon fragment from 
sedoheptulose. The reactions of the cycle are schematically 
represented in Figure 1. The sum of the reactions of the 
complete cycle is that 3 molecules of hexose-phosphate can 
66. Horecker, B.L., Hurwitz, J. and Smyrniotis, P.Z., 
Xylulose-5-phosphate and the formation of sedoheptulose-
7-phosphate with liver transketolase. J. Am. Chem. 
67. 
Soc. 2!= 692 (1956). 
Horecker, B.L. and Smynnotis, P.Z., 
properties of yeast transaldolase. 
~: 811-825 (1955). 
Purification and 
J. Biol. Chem. 
68. Horecker, B.L. and Smyrniotis, P.Z., The coenzyme 
function of thiamine pyrophosphate in pentose phosphate 
metabolism. J. Am. Chem. Soc. ~: 1009-1010 (1953). 
69. Dische, z., Enzymic breakdown of adenosine in hemolyzed 
human red cells. Int. Congr. Biochem. Abst. of Commune. 
1st. Congr., Camb. Engl. 572-573 (1949). 
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be oxidized to give 2 l/2 molecules of hexose-phosphate 
and 3 molecules of carbon dioxide. The anaerobic portion 
of the shunt, that is from ribose-phosphate to fructose-
phosphate can operate in two directions, either to produce 
ribose-5-phosphate from hexose-phosphate or to utilize 
ribose-phosphate to produce hexosephosphate. 
EVIDENCE FOR THE ANAEROBIC HEXOSE MONOPHOSPHATE S!IUNT IN 
RED CELLS. 
Dische has shown that red cell hemolysates deprived of 
ATP will produce hexose and triose from ribose-5-phosphate, 
(69,70) The mechanism is not clear and none of the inter~ 
mediate products have been identified. In a brief report 
(71) 
recently, Dische indicated that in a heat-treated 
hemolysate, sedoheptulose builds up, and he stated that 
there may be other alternative pathways for the metabolism 
of ribose-phosphate since there is no quantitative conversion 
of ribose into sedoheptulose, fructose and triose. Dickens( 72 ) 
has shown that the horse red cell has an active phosphopent-
oisomerase. Bruns also reported recently that this enzyme 
70. Dische, Z., Synthesis of hexose mono- and diphosphate 
from adenosine and ribose-5-phosphate in human blood. 
Phosphorus Metabolism. (I). Ed. McElroy,W.D. and Glass, 
B., The Johns Hopkins Press, Baltimore, M.d 171-199 (1951). 
71. Dische, Z. and Shigeura, H., Alternative pathway of the 
ribose-5-phosphate metabolism in human red blood cells. 
Federation Proc. ~: 243 (1956). 
72. Dickens, F. and Williamson, D.H., Pentose phosphate 
isomerase and epimerase from animal tissues. Biochem. 
J. J!.i: 567-578 (1956). 
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was present in very high concentrations in human red 
(73) 
cells, but of very weak activity in serum . Acetone 
powders of red cells have been found to contain phosphopento-
epimerase(72>, but the equilibrium of the reaction does not 
favor the fast formation of xylulose-phosphate found in 
other tissues. No complete elucidation of the shunt in 
red cells has been made. 
Nucleotide& and coenzymes of the red cell 
No exhaustive analysis of the nucleotide& and coenzymes 
of the human red cell has been made. These compounds are in 
constant metabolic flux in the cell, and are of utmost 
importance to the proper functioning of the cell. Table 1 
summarizes the content of these substances in the red cell. 
Values are for different species as indicated 
A comparison of coenzymes in the mature rabbit erythrocyte 
and in the rabbit reticulocyte, indicate that DPN, TPN, and 
Coenzyme A have the same value in the reticulocyte as in the 
mature cell, but the reticul~te contains about 2 times as 
much ATP and FAD( 74 >. This is probably an indication of 
73. Bruns, F.H., Nachweise und Activitatsmessung von 5-
phosphoriboseisomerase im Blutserum. Biochem. Ztschr. 
~: 523-530 (1956). 
74. Hoffman, E.C., Rapoport, S. and Kesselring, K., Das 
Verhalten von Triphosphopyridinenucleotide, Flavin-
adenindinucleotide, Coenzym A, and Thiaminpyrophosphat 
in Haemolozates von kaninchen Reticulocyten und 
Erythrocyten. Hoppe Seyler Ztschr. lQ1: 157-165 (1956). 
-23-
TABLE I 
NUCLEOTIDES AND COENZYMES OF THE ERYTHROCYTE 
Amount 
----~C~o~m~p~o~u==n~d~-------------------------~<~Mg~~m~s~.,,/~m~l~c~e~l~l~s2) ______ ~S~e~s~---
Adenosine triphosphate 
Adenosine diphosphate 
Adenosine monophosphate 
Uridine diphosphoglucose 
Pyridine nucleotides 
Total 
diphosphopyridine 
oxidized 
reduced 
triphosphopyridine 
oxidized 
reduced 
Flavin adenine dinucleotide 
Cocarboxylase 
Coenzyme A 
Glutathione reduced 
Glutathione oxidized 
6,426 
124 
9.5 
? 
77 
64 
100-120 
130 (83) 
90 (10) 
15 
12 
9 
.75 
3 
ca. 7 
7 
4 units 
790 
85 
Human (75) 
Human (75) 
Human (75) 
Human (76) 
Human (77) 
Human (78) 
Rabbit (74) 
Rat(Rabbit)(79) 
Rat(Rabbit)(79) 
Rabbit (74) 
Rabbit (79) 
Rat (79) 
Human (80) 
Rabbit (74) 
Ox (81) 
Human (82) 
Rabbit (74) 
Human (83) 
Human (83) 
75. Bartlett, G.R., Savage, E., Hughes, L. and Marlow, A.A., 
Carbohydrate intermediates and related cofactors in the 
human erythrocyte. J. Appl. Physiol. ~: 51-56 (1953). 
76. Kalckar, H.M., Anderson, E.P. and Isselbacker, K. J., 
Galactosemia, a congenital defect in a nucleotide transferase. 
Biochim. et biophys. acta~: 262-268 (1956). 
77. Levitas, N.J., Robinson, F.R. and Perlzweig, W.A., The fluor-
escent condensation product of N-methylnicotinamide and acetone. 
III. A rapid flourometric method for the determination of the 
total pyridine nucleotides in the red blood cells. J. Biol. 
Chem. 167: 169-175 (1957). 
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the difference in the metabolism of the reticulocyte and 
the normocyte, the normocyte having a predominantly glycolytic 
metabolism, and the reticulocyte having a more varied metabolism, 
including the Krebs cycle. 
The presence of coenzyme A and of cocarboxylase seems to 
have little functional significance as no decarboxylation of 
pyruvate or any other specific ·decarboxylation involving these 
coenzymes has been demonstrated in the mature red cell. The 
functional significance of flavin adenine dinucleotide is 
likewise unknown. 
78. Bartlett, G.R. and Marlow, A.A., Erythrocyte carbohydrate 
metabolism. I. The flow of c14 glucose carbon into lactic 
acid, carbon dioxide, cell polymers, and carbohydrate in-
termediate pool. J. Lab. and Clin. Med. 42: 178-187 (1953). 
79. Glock, G.E. and McLean, P., Levels of oxidized and reduced 
diphosphopyridine nucleotide and triphosphopyridine nucleotide 
in animal tissues. Biochem. J. 61: 388-390 (1955). 
80. Klein, J.R. and Kohn, H.I., The synthesis of flavin-adenine 
dinucleotide from riboflavin by human blood cells in vitro 
and in~· J. Biol. Chem. ~: 177-189 (1940). 
81. Goodhart, R.S. and Sinclair, H.M., Estimation of cocarbox-
ylase (vitamin B, diphosphate ester) in blood. Biochem. 
J. ~: 1099-1108 (1939). 
82. Kaplan, N.O. 
coenzyme A. 
and Lipmann, F., The assay and detection of 
J. Biol. Chem. 174: 37-44 (1948). 
83. Jellinek, E.M. and Looney, J.M., Statistics of some biochem-
ical variables on healthy men in the age range of twenty 
to forty-five years. J. Biol. Chem. 128: 621-629 (1939). 
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Destruction and Synthesis of Pyridine Nucleotides. 
Disruption of the structural integrity of cells leads 
to the destruction of many of the coenzymes of the cell. 
Diphosphopyridine nucleotidase of blood was first demonstrated 
in rabbit blood by Alivisatos and Denstedt( 84 '. The enzyme 
was localized in the insoluble stroma of the cell and was 
liberated on hemolysis by the freeze method. DPN is split 
(85) between the pyridiniua bond of nicotinamide and ribose • 
(85) Nicotinamide (0.2M) inhibits the splitting • Adenosine 
diphosphate and adenine are also found to inhibit the reaction 
(86) but at very high concentrations • The enzyme has been well 
characterized and is found to split TPN with a third of the 
rate as DPN, and nicotinamide mononucleotide as 1/200 of the 
t 
( 86) 
ra e . The work of Alivisatos has been confirmed by Hofmann 
(87) 
using different methods of analysis. Hofmann has found that 
(88) DPN and TPN are split by separate enzymes • 
H. Alivisatos, S.G.A. and Denstedt, O.F., Lactic dehydrogea-
ase and DPN-ase activity of blood. Science ~: 281-3 
(1951). 
85. Alivisatos, S.G.A., Kashket, S. and Denstedt, O.F., 
Metabolism of the erythrocyte IX Diphosphopyridine nucleo-
tidase of erythrocytes. Canad. J. Biochem. • Physiol. 34: 
46-60 (1956). 
86. Malkin, A. and Denstedt, O.F., The metabolism of the erythro-
cyte. XII Diphosphopyridine nucleosidase of the rabbit 
erythrocyte. Canad. J. Biochem. • Physiol. di: 141-145 (1956). 
87. Hofmann, E.C.G., Abbau und Synthase der DPN in kannichen 
erythrocyten., Biochem. Ztschr. ~: 273-283 (1955). 
88. Hofmann, E.C.G. and Rapoport, S., DPN und TPN specifishe 
Nucleosidasen in Erythrocyten. Biochim. et biophys. acta 
g: 296, (1955). 
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Synthesis of pyridine nucleotide& in the red cell 
Reports in the earlier literature indicated that the 
addition of nicotinamide in vivo and ~ vitro led to the 
synthesis of pyridine nucleotides( 89 • 90 >. The method for 
the assay utilized Hemophilus parainfluenza which has more 
recently been found to be relatively non specific, measuring 
DPN,TPN, nicotinamide riboside and nicotinamide mononucleotide( 9 l). 
The nicotinamide has been found to disappear in intact human 
red cells, but the product formed is found to be mainly 
(91 92) 
nicotinamide mononucleotide ' • The same synthesis can be 
effected in hemolysates by the addition of ATP and various 
(92) glycolytic esters as well as ribose-5-phosphate . It appears 
that the mature red cell cannot synthesize diphosphopyridine 
nucleotide from nicotinamide mononucleotide. Rabbit reticula-
cytes are able to synthesize both DPN( 87 ) and TPN( 74 >. The 
enzyme DPN pyrophosphorylase, which effects the synthesis of 
DPN in the presence of nicotinamide nucleotide has been found 
present in rabbit reticulocyte& and chicken erythrocytes but is 
89. Kohn, H.I. and Klein, J.R., The synthesis of cozymase and 
factor V from nicotinic acid by the human erythrocyte ~ 
vitro and in~. J. Biol. Chem. ~: 1-11 (1939). 
90. Kohn, H.I. and Klein, J.R., Synthesis of factor V (pyridine 
nucleotides) from nicotinic acid in vitro by human erythro-
cytes. J. Biol. Chem. 135: 685-689 (1940). 
91. Leder, I.G. and Handler, P., Synthesis of nicotinamide 
mononucleotide by human erythrocytes in vitro. J. Biol. 
Chem., ~: 889-898 (1951). 
92. Leder, I.G. and Handler, P., Synthesis of nicotinamide 
mononucleotide by human erythrocyte hemolysates. Phosphorus 
Metabolism Vol. I., p. 421-427, Ed. McElroy, W.D. and Glass, 
B., The Johns Hopkins Press, Baltimore, Md. (1951). 
-27-
(93) 
absent from human and rabbit erythrocytes . 
Flavin adenine dinucleotide. coenzyme A and thiamine pyrophosphate 
Klein and Kohn demonstrated that there was a marked synthesis 
of FAD on the addition of riboflavin to glycolyzing freshly 
drawn erythrocytes< 80 >. The coenzyme was assayed with D-amino 
acid oxidase. FAD as well as coenzyme A is not destroyed on 
hemolysis of the red cell( 74 >. No studies have been made on 
the synthesis of thiamine pyrophosphate in the red cell, its 
importance in the cell may be as a coenzyme for transketolase. 
(74) It is slowly decomposed on hemolysis of the cell . 
Glutathione 
The role of glutathione in the metabolism of the red cell 
is not well-known, but this compound appears to be necessary 
for the integrity of the cell. As seen from the table this 
compound is present in relatively large amounts and is predomin-
antly in the reduced form. 80-90~ of the glutathione of the 
red cell is in the free form, not bound to the stroma< 94 >. 
Cessation of glycolysis causes the glutathione to be oxidized 
and to be further degraded. Glutathione is in a dynamic state 
in the red cell as evidenced by the in vitro and in xlY2 
93. Malkin, A. and Denstedt, O.F., Metabolism of the erythro-
cyte. XI. Synthesis of diphosphopyridine nucleotide in 
the erythrocyte. Canad. J. Biochem. ~ Physiol. ~: 130-
140 (1956). 
94. Goetze, E., and Rapoport, S., Bezeihung zwischen Glutathione-
abbau und Kohlenhydratstoffwechsel in Kaninshenerythrocyten 
Hoppe Seyler Ztschr. ~: 240-247 (1956). 
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(95 96 97) 
' ' incorporation of radioactive glycine. 
Breakdown of Adenosine Triphosphate in Red Cells 
The red cell contains an active adenosinetriphoephatase 
( 98 • 99 ) which is localized in the stroma of the cell(lOO,lOl). 
Disruption of the cell membrane by freeze-thaw hemolysis leads 
to the liberation of this enzyme, whereas osmotic hemolysis with 
(99) 
up to 50 volumes of water does not cause its activation . 
Herbert reports that the intact cell contains one-half of the 
(lOO) 
activity of the hemolyzed cell in respect to this enzyme , 
but it has been adequately shown by Manyai that the enzyme is 
95. 
96. 
97. 
98. 
99. 
100. 
101. 
Dimant, E., Landsberg, E. and London, I.M., Metabolic 
behavior of glutathione in human and avian erythrocytes. 
J. Biol. Chem. ~: 769-776 (1955). 
Elder, H.A. and Mortensen, R.A., Incorporation of labeled 
glycine into erythrocyte glutathione. J. Biol. Chem. ~: 
261-267 (1956). 
Mortensen, R.A., Haly, M.I. and Elder, H.A., Turnover of 
erythrocyte glutathione in the rat. J. Biol. Chem. 218: 
269-273 (1956). 
Dische, Z., Mit den Hauptoxydoreduction Prozess der Blut-
glycolyse gekoppelte Synthese der Adenosintriphosphosaure 
Enzymologia ~: 288-310 (1936-7). 
Garzo, T., Ullmann, A. and Straub, F.B., Die Adenosintriphos-
phatase der roten Blutkorperchen. Acta physiol. Hung. ~: 
513-524 (1952). 
Herbert, E., A Study of the Liberation of Orthophosphate 
from Adenosinetriphosphate by the Stromata of Human 
Erythrocytes. J. Cell. ~ Comp. Physiol. lZ: 11-36 (1956). 
Clarkson, E.M. and Maiz.els, M., Distribution of phosphatases 
in human erythrocytes. J. Physiol. ll&: 112-128 (1952). 
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not active at all in the intact human erythrocyte( 102 >. 
The enzyme will dephosphorylate ADP as well as ATP, it is 
activated by Mg++and has a pH optimum between 7.0-7.4(lOO). 
Recent studies with a 500 fold purified enzyme from red cells 
(l0 3 ) indicate that ATP is split faster than ADP and that ITP 
may also be a substrate, but not AMP. 
ATP i 1 1 i ith h b (104,105) s s ow y broken down n w drawn uman lood 
the first step being the formation of AMP. AMP can slowly be 
further broken down to hypoxanthine by a series of steps via 
adenosine and inosine( 106 >. 
Phosphatases 
In addition to the adenosine triphosphatase of the red 
(107 108) 
cell, there is also an inorganic pyrophosphatase ' , 
102. Szekely, M., Manyai, S., and Straub, F.B., Die Wirkung der 
Hamolyse auf den Stoffweschel der roten Blutkorperchen beim 
Menschen. Acta physiol. Hung. 4: 31-44 (1953). 
103. Caffrey, R.W., Tremblay, R., Gabrio, B.W., Huennekens, F.M., 
Erythrocyte metabolism II Adenosinetriphosphatase. J. Biol. 
Chem. ~~ 1-8 (1956). 
104. Jorgensen, S. and Paulson, H. E., On the accumulation 
of hypoxanthine and xanthine in withdrawn human blood. 
Acta pharmacal. et toxicol. ~: 287-294 (1955). 
105. Chen. P.S. and Jorgensen, S., Formation of hypoxanthine 
from adenosine triphosphate in shed human blood. Acta 
pharmacal. et toxicol. ~: 369-378 (1956). 
106. Chen.,P.S. and Jorgensen, S., Intermediary compounds 
107. 
formed during the breakdown of ATP in blood. Acta pharmacal. 
et toxicol. ~: 12-21 (1957). 
Nuganna, B., Menon, V.K., Erythrocyte pyrophosphatase in 
health and disease. I. Properties of the enzyme. J. Biol. 
Chem. 174: 501-522 (1948). 
108. Malkin, A. and Denstedt, 0.8., Metabolism of the erythrocyte 
X. Inorganic pyrophosphatase of the erythrocyte. Canad. J. 
Biochem. and Physiol. ~: 121-219 (1956). 
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(108) 
which is localized in the stroma free hemolysate, 
(45) 
and a specific 2,3-diphosphoglycerate phosphatase which 
has been discussed above. The cell is able to split many 
phosphate esters and this activity is considered by some 
to be due to the presence of only one enzyme, a phosphomonoes-
(109) 
terase with a pH optimum of 5.5 . 
Other metabolic activities in the erythrocyte 
Methemoglobin reductase The hemoglobin of the red cell is 
constantly being converted to methemoglobin by autoxidation. 
If the blood is depleted of glucose or if glycolysis is stopped 
by the addition of inhibitors, there is an accumulation of 
(110,111) 
methemoglobin . The reduction of methemoglobin then 
depends on glycolysis and appears to be mediated by pyridine 
nucleotides< 112 >. DPN addition will cause the reduction of 
methemoglobin(ll 2 ), the mechanism being the reduction of the 
DPN coupled via lactic dehydrogenase or tiiose phosphate 
dehydrogenase, and the subsequent utilization of the reduced 
DPNH for regeneration of hemoglobin. The reduction does not 
109. 
110. 
111. 
112. 
Tsuboi, K.L. and Hudson, P.B., Acid Phosphataae. I. 
Human red cell phosphomonoesterase; General properties. 
Arch. Biochem. and Biophys. 43: 339-357 (1953). 
Cox, W.S. and Wendel, W.B., The normal rate of reduction 
of methemoglobin in dogs. J. Biol. Cham. ~: 331-340 
(1942). 
Spicer, S.S., Hanna, C.H. and Clark, A.M., Studies in 
vitro on methemoglobin reduction in dog erythrocytes. 
J. Biol. Chem. 122: 217-230 (1949). 
Gutmann, H.R., Jandorf, B.J. and Bodansky, 0., The role 
of pyridine nucleotides in the reduction of methemosobin. 
J. Biol. Chem. 169: 145-152 (1947). 
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appear to be linked directly to DPNH but intermediated by 
(113) 
a cofactor . Triphosphopyridine nucleotide will in the 
presence of methylene blue effect the reduction, but it is 
not considered the normal pathways(lll,ll 2 ). Huennekens 
and Gabrio have isolated a purified methemoglobin reductase 
from red cells and find that it will react with TPN 10 times 
faster than with DPN( 114 >. 
Gluthatione reductase An active glutathione reductase has 
been detected in the red cell(ll5,ll6). 
(117 118) pyridine nucleotide linked ' . 
The enzyme may be 
Glyoxalase This enzyme, which converts methylglyoxal to 
113. 
114. 
115. 
116. 
117. 
118. 
Gibson, G.B., The reduction of methemoglobin in red 
blood cells and'studies on the course of idiopathic 
methemoglobinemia. Biochem. J. 42: 13-23 (1948). 
Huennekens, F.M. and Gabrio, B.W., Methemoglobin 
reductase. Federation Proc. ~: 232, (1954). 
Francoeur, M. and Denstedt, O.F., Metabolism of mammalian 
erythrocytes. VII. The glutathione reductase of the mammal-
ian erythrocyte. Canad. J. Biochem. • Physiol. da: 663-
669 (1954). 
Collier, H.B. and McRae, S.C., The amperometric determination 
of glutathione reductase activity in human erythrocytes. 
Canad. J. Biochem. and Physiol. ~: 404-407 (1954). 
Rall, T.W. and Lehninger, A.L., Glutathione reductase of 
animal tissues. J. Biol. Chem. ~; 119-130 (1952). 
Meldrum, N.U. and Tarr, H.L.A., Reduction of glutathione 
by the Warburg-Christian system. Biochem. J. ~: 108-
115 (1935). 
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(119 120) lactic acid is very active in the red cell ' . The 
(120) 
enzyme requires glutathione as a cofactor . The function 
of this enzyme in the red cell is not clear. It is considered 
not be belong to the glycolytic scheme, although its presence 
might be an indication of an alternate pathway for the formation 
of lactic acid. 
Carbonic Anhydrase This enzyme •hose function is important 
for the transport of carbon dioxide in the red cell is present 
(121) in large amounts . 
Cholinesterase The cholinesterase of the red cell, which is 
considered a true cholinesterase because it splits acetylcholine 
at a faster rate than other cbdine esters< 122 ) has been localized 
in the stroma of red cells( 123 >. Grieg and Holland( 124 ) have 
119. 
120. 
121. 
122. 
123. 
124. 
Jowett, M. and Quastel, J.H., The glyoxalase activity of 
the red blood cell. The function of glutathione. Biochem. 
J. ~: 486-498 (1933). 
Klebanoff, S.J., Glutathione metabolism. I. The glyoxalase 
activity of mature mammalian erythrocytes. Biochem. J. 
~: 425-430 (1956). 
Meldrum, N.U. and Roughton, F.J.W., Carbonic anhydrase, its 
preparation and properties. J. Physiol. 80: 113-142 (1934). 
Nachmansohn, D. and Rothberg, M.A., Studies on cholines-
terase. I. On the specificity of the enzyme in nerve tissue. 
J. Biol. Chem. ~: 653-666 (1948). 
Paleus, S., On the localization of the specific cholines-
terase in human blood. Arch. Biochem. • Biophys. ~: 
153-154 (1947). 
Grieg, M.E. and Holland, W.C., Studies on the permeability 
of erythrocytes. I. The relationship between cholinest-
erase activity and permeability of dog erythrocytes. Arch. 
Biochem. ~: 370-383 (1949). 
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studied this enzyme in relation to cation transport in the 
cell, but doubt is cast on this system as a means of transport 
due to the small synthesis of acetylcholine that can take place 
in the ce11< 125 >. 
Catalase (126) The red cell contains a large amount of catalase . 
Its function is not known. 
Peptidases The red cells have been reported to contain pepti-
(127,128) dases . These enzymes are located in the stroma, and 
are active at low pH( 129 >. They have no known function in 
the cell. 
METABOLISM OF NUCLEOSIDES IN RED CELLS 
a. Reversal of storage lesion with adenosine 
When blood is stored at low temperatures there is a 
progressive loss of the viability of the cells, as determined 
125. 
126. 
127. 
128. 
129. 
Mathias, P.J. and Sheppard, C.W., An upper limit of 
acetylcholine content and synthesis in human erythrocytes. 
Proc. Soc. Exper. Biol.• Med. ~: 69-74 (1954). 
Belinka, L.G., Krember, L.L. and Falls, 
content of tissues from normal rabbit. 
and Med. §: 322-330 (1918). 
R.Y., Catalases 
J. Exper. Biol. 
Adams, E., McFadden, M. and Smith, E.L., Peptidases of 
Erythrocytes. I. Distr•bution in man and other species. 
J. Biol. Chem. 198: 663-670 (1952). 
Morrison, W.L. and Neurath, H., Proteolytic enzymes of 
the formed elements of the blood. I. Erythrocytes., J. 
Biol. Chem. ~: 39-51 (1953). 
Goetze, E. and Rapoport, S., Die Protease mensablicher 
Erythrocyten und ihre Hemmung durch Plasma. Biochem. 
Ztschr. 327: 305-313 (1955). 
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{130) + by post transfusion survival , and a loss of K and 
increase of Na+ in the cell, a decreased ability to metabolize 
glucose, and an increase in the osmotic fragility of the cell 
{131) 
Gabrio found that there were chemical changes in the 
cell on storage, an increase in inorganic phosphate, a decrease 
in the easily hydrolyzable P of the cell {mostly ATP), a decrease 
in difficultly hydrolyzable P {phosphate esters of hexoses and 
most phosphoglyceric acid), and a decrease in the non-hydrolyzable 
phosphate (accounted for mostly by 2,3 DPG)( 132 ) Concomitant 
with the decrease of ATP there is shown an increase in ADP, 
AMP, and appearance of IMP( 133 >. There was found a correlation 
between the chemical changes and loss of viability of the 
blood( 134 >. On transfusion of stored blood, it was found that 
there was a reversal of the chemical changes and a regeneration 
130. 
131. 
132. 
133. 
134. 
Ross, J.F., Finch, C.A., Peacock, W.C. and Sammons, M.E. 
The ia vitro preservation and post transfusion survival 
of stored blood. J. Clin. Invest.~: 687-703 (1947). 
Rapoport, S., Dimensional, osmotic, and chemical changes 
of erythrocytes in stored blood. I. Blood preserved in 
sodium citrate, neutral, and acid citrate-glucose (ACD) 
mixtures. J. Clin. Invest.~: 591-615 (1947). 
Gabrio, B.W. and Finch, C.A., Erythrocyte Preservation. 
I. The relation of the storage lesion to in vitro erythro-
cyte senescence. J. Clin. Invest. ~: 242~46 (1954). 
Gabrio, B.W., Finch, C.A. and Huennekens, F.M., Erythro-
cyte Preservation: Atopic in molecular biochemistry. 
Blood~: 103-113 (1956). 
Gabrio, B.W., Stevens, A.R. and Finch, C.A., Erythrocyte 
preservation: II. Astudy of extra-erythrocyte factors in 
the storage of blood in acid-citrate-dextrose. J. Clin. 
Invest.~: 247-251 {1954). 
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(135) 
of the ester phosphates . The regeneration of the 
ester phosphate most probably took place in the liver, 
and proof of this was that addition of liver homogenate to 
blood, "in vitro" caused the same effect of regeneration of 
(135 136) the phosphate esters ' . The mitochondrial fraction 
was most effective in this respect but did not approach the 
effect found "in vivo". It seemed possible that the compound 
responsible for the regeneration of the cell was related to 
ATP. Addition of compounds related to ATP led to the discovery 
(136 137) 
that adenosine caused the effect ' . ATP, ribose, adenine, 
or ribose plus adenine will not cause any effect, and for the 
maximum effect the presence of inorganic phosphate was necess~ry. 
In addition to regeneration of the phosphate esters, there was 
an improvement in the osmotic fragility and an increased intra-
+ (138) 
cellular K in the stored cells Cells stored with added 
adenosine showed an improvement of post transfusion viability 
135. 
136. 
137. 
138. 
Gabrio, B.W., Stevens, A.R. and Finch, C.A., Erythrocyte 
preservation. III. The reversibility of the storage 
lesion. J. Clin. Invest. 33: 252-256 (1954). 
Gabrio, B.W., Hennessey, M. Thomasson, J. and Finch, C.A. 
Erythrocyte preservation. IV. The in vitro reversibility 
of the storage lesion. J. Biol. Chem. ~: 357-367 (1955). 
Finch, C.A. and Gabrio, B.W., Prolongation of viability 
of the stored erythrocyte. J. Clin. Invest. ~: 932-935 
(1954). 
Gabrio, B.W., Donahue, D.M. and Finch, C.A., Erythrocyte 
preservation: V. Relationship between chemical changes 
and viability of stored blood treated with adenosine. 
J. Clin. Invest ~: 1509-1512 (1955). 
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{139) 50% survival of cells with adenosine was increased 
to 100 days of storage at 5°C in contrast to 28 days for 
50% survival of cells without adenosine. 
Mechanism of the effect of adenosine 
Discovery of the effect of adenosine on stored blood 
led to a reinvestigation of nucleoside metabolism on red cells 
to ascertain if the effect could be explained in metabolic 
terms. The first discovery of adenosine metabolism in red 
cells was made by Dische in 1938< 140 >. His system of study 
was a frozen and thawed hemolysate, in the absence of glucose, 
depleted of ATP by incubation with fluoride for 24 hours. He 
observed a decrease in inorganic phosphate on addition of 
adenosine and a simultaneous disappearance of the ribose of 
adenosine. The formation of adenylic acid was ruled out. There 
was an increase in triose phosphate, Harden-Young ester, and a 
substance whose identity he thought to be glycdaldehyde phosphate. 
In addition to adenosine, inosine and guanosine were found to 
{69) be broken down in the ATP deprived hemolysate and the amount 
of phosphate disappearing was roughly equivalent to the amount 
of adenosine added. 
139. 
140. 
In a later paper{ 7 0), Dische found that ribose-5-phosphate 
Donahue, D.M., Finch, C.A. and Gabrio, B.W., Erythrocyte 
preservation: VI. Storage of blood with purine nucleosides. 
J. Clin. Invest. 35: 562-567 {1956). 
Dische, Z., Phosphorylierung der 1m Adenosin enhaltenen 
d-Ribose und nachfolgender Zerfall des Esters unter 
Triosephosphat bildung im Blute. Naturwissenschaften ~: 
252-253 {1938). 
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is metabolized in the same manner as adenosine. The conversion 
to ribose-5-phosphate, was probably the first step in the de-
gradation of adenosine. The products of metabolism of adenosine 
were hexose monophosphates, fructose diphosphate, and triose 
phosphate. There was no production of a glycolaldehyde phosphate 
(140) 
as stated earlier . The hexose monophosphate and hexose 
diphosphate appeared to be formed by different mechanism, as 
in Dische's ATP deprived system there was no interconversion 
of the two esters. There was also the building of a pentose 
ester which resembles ribose-5-phosphate. Dische's methods me 
not absolutely specific (none of the intermediate compounds 
are isolated or conclusively identified) but the work indicated 
that the red cell has the ability to utilize the pentose of 
nucleosides for the synthesis of ester phosphates The system 
he uses may also be quite different from the intact erythrocyte .. 
Data of Gabrio( 141 ) indicated that the first step in the 
utilization of nucleosides was the action of a nucleoside 
phosphorylase. In the presence of arsenate in place of phosphate 
the red cell could produce free ribose from adenosine, inosine, 
and guanosine and xanthosine. All four nucleosides also stimu-
lated the esterification of phosphate in intact red cells( 141 >· 
Prankerd has reported that adenosine was split in red cells with 
the production of adenine< 142 >, but results of Rubinstein 
141. 
142. 
Gabrio, B.W. and Huennekens, F.M., Role of 
phosphorylase in erythrocyte preservation. 
biophys. acta. g: 585-586 (1955.). 
nucleoside 
Biochim. et 
Prankerd, T.A.J., Cleavage of adenosine by human red 
cells Brit. J. Hematol. ~: 406 (1955). 
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indicated that adenosine was first converted to inosine by 
deamination and then split to hypoxanthine< 143 • 144 >. The 
presence of adenosine deaminase in blood was demonstrated 
many years ago by Conway< 145>. Huennekens( 146 ) has purified 
a nucleoside phosphorylase from human red cells and found 
that his purified enzyme would react only with inosine and 
guanosine. This purified enzyme gave a carbohydrate product 
ribose-1-phosphate whereas this phosphate ester was not found 
with cruder preparations or in the intact red cell. Purified 
erythrocyte nucleoside phosphorylase has a pH optimum of pH 
7.0-8.5, a Km of l.Oxl0- 3 for inosine, phosphate, or arsenate 
and is inhibited by 10- 4M paramercurichlorobenzoate and 10- 3M 
kdoacetate. It reacts with guanosine at 60% the velocity as 
with inosine. 
P k d (l47,148)h ran er as studied the effect of adenosine on 
phosphate metabolism in intact red cells; and has found that 
adenosine makes possible the exchange of P 32 between cells and 
143. 
144. 
145. 
Rubenstein, D., Kashket, S. and Denstedt, O.F., Studies on 
the preservation of blood. IV. Influence of adenosine of 
glycolytic activity of erythrocyte during storage at 4°C. 
Canad. J. Biochem. and Physiol. 34: 61-73 (1956). 
Rubenstein, D and Denstedt, O.F., Metabolism of the ery-
throcyte. XIV. Metabolism of nucleosides by the erythrocyte. 
Canad. J. Biochem. and Physiol. 34: 927-936 (1956). 
Conway, E.J. and Cooke, R., Deaminase of adenosine and 
adenylic acid in blood and tissues. Biochem. J. ~: 479-
492 (1939). 
146 Huennekens, F.M., Nurk, E. and Gabrio, B.W, Erythrocyte 
Metabolism. I. Purine nucleoside phosphorylase. J. Biol. 
Chem. ~: 971-981 (1956). 
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plasma in the absence of glucose. The P 32 entering the cell 
was incorporated into phosphate esters. Adenosine also prevented 
the breakdown of phosphate esters of the cell that occurs on 
incubation of blood at 37°C. 
(149) With stored blood Prankerd 
found that adenosine maintained the level of 2,3 diphosphoglycerate 
32 
and the flow of P into this ester but did not effect any 
appreciable synthesis of ATP. In intact red cells with adenosine, 
(149 144) 
there was an accumulation of lactic acid ' , which could 
not be accounted for by glucose utilization. 
ENERGETICS OF THE RED CELL 
The red cell must require energy for a number of processes. 
The amount of energy required must be considerably less than in 
other tissues, because of the functional simplicity of the red 
cell. Conceivably, the energy requirements of the red cell are 
necessary for the maintanence of membrane integrity, cellular 
shape, stability of the cellular ionic composition, and preserva-
tion of the iron of hemoglobin in the reduced state. If meta-
holism of the cell ceases, there is a loss of potassium from 
the cell, an increase of sodium, an oxidation of hemoglobin to 
147. 
us. 
149. 
Prankerd, T.A.J. and Altman,KI., Effect of adenosine on 
the phosphate exchange in mammalian red blood cells. 
Biochim. et piophys. acta. 15: 158-159 (1954). 
Prankerd, T.A.J. and Altman, K.I., A study of the meta-
bolism of phosphorus in mammalian red cells. Biochem. 
J. ~: 622-633 (1954). 
Prankerd, T.A.J., Chemical changes in stored blood with 
observations on the effects of adenosine. Biochem. J. 
64: 209-214 (1956). 
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methemoglobin, and an eventual hemolysis of the cell preceded 
by shape changes. Since the metabolism of the red cell is 
limited mainly to glycolysis, glycolysis must account for 
the energy for these processes. The limitation of the 
metabolism of the cell to glycolysis is thought to be an 
adaption of the cell to a pure supportive metabolism, mainly 
for maintaining the cell, serving no synthetic functions. 
Estimate of the energyreguirements of the red cell. 
Ion transport 
The energy for the maintainance of the electrolyte compos-
(150) ition of the red cell has been calculated by Solomon . 
The energy to maintain K (maximum value) is 2.8 cal./liter 
of cells/hour, and the energy for pumping Na out of the cell 
is 6.0 cal./liter of cells/hour. No explanation of the mechanism 
of coupling of the energy of metabolism to ion transport has 
been found. Glycolysis, however, is undoubtedly necessary for 
the maintainance of the ionic gradient, as metabolic poisons 
which block glycolysis also cause a cessation of ion transport. 
Reduction of methemoglobin 
The reduction of methemoglobin is also linked to glycolysis 
(see above). Estimating that in the normal red cell 1% of the 
hemoglobin is in the form of methemoglobin and using an estimate 
of E0 for hemoglobin as 0.150 volts(l5l). The E may be 
150. 
151. 
methemoglobin 
Solomon, A.K., The permeability of the human erythrocyte 
to sodium and potassium. J. Gen. Physiol. 36: 57-110 (1952). 
Anderson, A. and Plaut, G.W.E., in Respiratory Enzymes, 
Ed. by Lardy, H.A., Burgess Pub. Co., Minneapolis, Minn. (1949), p. 76-86. 
calculated as: 
(1) 
(2) 
(3) 
E = E 0 
E = .150 
E = +.030 
.DF = nFE 
-
RT 
nF 
.06 
volts 
ln hemoglobin 
methemoglobin 
log ll 
1 
4F = (23,063)( .03) = .692 cal./mMole. 
Using the value of Wendel( 6 0) as an estimate of 
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the maximum 
rate of reduction of methemoglobin (10% of the total pigment 
/hour), 0.528 mMoles of methemoglobin are converted to 
hemoglobin/hour/1. of cells. The energy for maintainance 
of hemoglobin in the reduced state would be (0.528)(0.698)= 
.37/cal./1. of cells/hr. 
Reduction of glutathione 
Estimating from the data of Meldrum( 152 ) that about 3% of 
the glutathione of the red cell is oxidized in one hour in 
washed red cells deprived of glucose, using as E0 for GSH 
GSSG 
- (151) the value -0.04 volts , and the values for oxidized and 
reduced glutathione given in Table I, the 6F for glutathione 
reductase activity can be calculated. 
152. Meldrum, N.U., Reduction of glutathione in mammalian 
erythrocytes. Biochem. J. ~: 817-828 (1932). 
ln GSSG 
<GSH) 2 
E = 0.04 - 0.03 log. 0.02 
E = 0.091 volts 
-4:2-
t.F = nF E 
6F = 2100 calories/mole 
6F = (2100)(.075) x 103 = 0.16 cal./1. cells/hour. 
Maintainance of shape 
No calculations have been made for the energy requirements 
involved in the maintainance of the shape of the erythrocyte. 
Myelin forms have been demonstrated( 153 ) and may be implicat~ 
in this function. 
Summation of the above energies shows that the red cell 
needs roughly 9.7 calories/l.calls/hr. to maintain functions 
other than shape. 
Energy available from anaerobic glycolysis 
General 
The amount of energy theoretically available in the quanti= 
tative conversion of a mole of glucose to lactic acid has been 
found to be 58,000 cal./mole( 154 >. Meyerhof has calculated 
that the amount of energy available from anaerobic glycolysis 
153. 
154. 
Ponder, E., Ponder, R. and Barreto, D., Measure de la 
mobilite electrophoretique des stroma de globules rouges 
humains, de l'hemoglobine et des frames myeliniques., 
Rev. d'hematologie 10: 531-537 (1955). 
Neilands, J.B. and Stumpf, P.K., Outlines of enzyme 
chemistry, Wiley & Sons, N. Y. (1955) p. 256. 
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is 24,000 cal./mole(l55). These calculations are based 
on the fact that the net gain of high energy phosphate in the 
form of ATP is 2 molecules/mole of glucose. Coupling of the 
energy of glycolysis to ATP synthesis takes place in the 
conversion of glyceraldehyde-3-phosphate to 3 phosphoglyceric 
acid, and in the conversion of phosphoenolpyruvate to pyruvate. 
These 2 steps would account for the formation of 4 moles of 
ATP per mole of glucose. The phosphorylation of glucose by 
hexokinase, and of fructose-6-phosphate by phosphohexokinase 
utilizes 2 molecules of ATP so that the net yield would be 
2 moles of ATP/mole of glucose. The energy produced in the 
conversion of DPN to DPNH (8000 cal.) can be neglected in 
anaerobic glycolysis since the DPNH which is produced in the 
phosphoglyceraldehyde dehydrogenase step is stoichiometrically 
regenerated in the conversion of pyruvate to lactate. Meyerhof's 
value for the yield of energy in glycolysis is based on the 
formation of 2 molecules of ATP and uses the value of 12,000 
cal. as theAF0 of ATP (this value is close to that found by 
Lipmann in the earlier literature(l56)). If we use for the 
value ofF of ATP 7,800 calories, which value has been calcul-
155. 
156. 
Meyerhof, 0., Energy relationships in glycolysis and 
phosphorylation. Ann. N.Y. Acad. Sci. ~: 377-393 
(1944). 
Lipmann, F., Metabolic 
phosphate bone energy. 
(1941). 
generation and utilization of 
Adv. in Enzymol. l: 99-162 
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ated by Morales< 157 ) and Robbins( 158 >, the net energy yield 
from normal glycolysis would be 15,600 calories/mole of 
glucose, or 24% of the theoretical energy. 
Energy of glycolysis in the red cell 
It has been found that in any cell that is metabolizing 
and functioning there must be a limit to the production of 
ATP, or a regeneration of ADP. When all of the adenine 
nucleotide of the cell is in the form of ATP there is no 
longer any ADP to act as an acceptor and glycolysis comes to 
a halt. Dische( 9 B) experimenting with the red cell came to 
the conclusion that the action of ATPase in the red cell 
caused a regeneration that allowed the metabolism of the 
glucose to proceed in this cell without an increase in the 
easily hydrolyzable phosphate (ATP). The absence of the 
functioning of ATPase in the intact red ce11( 99 ) makes us 
look toward another mechanism for regulation of metabolism. 
ATPase is found only in disrupted cells< 102 ) and it seems 
unlikely that slight changes in the shape of the cell would 
regulate its temporary liberation so as to regulate the 
metabolism of the cell. Either large amounts of ATP are not 
produced in the red cell that is glycolyzing, or other mechanisms 
are present for its disposal. (46) Rapoport believes that the 
157. 
158. 
Morales, M.F., Botts, J., Blum, J.J. and Hill, T.L., 
Elementary processes in muscle action. An examination 
of current concepts Physiol. Rev. ~: 475-500 (1955). 
Robbins, E.A. and Boyer, P.D., Determination of the 
equilibrium of the hexokinase reaction and the free 
energy of hydrolysis of adenosine triphosphate. J. Bioi. 
Chem. ~: 121-135 (1957). 
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mechanism for the regulation in the red cell centers around 
the metabolism of phosphoglyceric acids. His results as well 
as those of Bartlett( 2 l) indicate that the metabolism of the 
red cell goes predominantly by way of 2,3-diphosphoglyceric 
acid. The conversion of the 1,3-diphosphoglyceric acid to 
the 2,3 diphosphoglycerate, and the hydrolysis of this 
compound to 3 phosphoglyceric acid by a specific phosphatase 
accounts for a loss of free energy of 14,000 and 4000 cal .. 
respectively ( 46) This pathway circumvents the coupling 
reaction in which the high energy phosphate of 1,3 diphospho-
glycerate is transferred to ADP with the formation of ATP and 
3 phosphoglycerate. Data from both ~~apoport and BartJ ett 
indicate that the minimum amount of metabolism going by the 
so caJled 2,3 diphosphoglycerate pathway is 90%. Less than 
10% of metabolism at this step is coupled to the formation of 
HTP. The net result of this would be that in glycolysis in the 
red cell the yield of high energy phosphate would be 10~ of 
that found in the normal anaerobic glycolysis. 
Using theAF
0
for i\.TP as 7000 calories/mole, and the rate 
of glycolysis in the red cell as 2.3 m:Iolcs of r:-Lucose/1. cells 
/hour (150,26), the energy yield would be (0.10) (2.3 x 10- 3 ) 
(15,600) = 3.6 calories/1. cells/hour. The theoretically 
available energy would be (58,000) -3 (2.3 x 10 ) = 133 calories 
/1. cells/hour. 
A comparison of the minimum value of energy utilization 
calculated above (9.7 calories/1. cells/hr.) with the energy 
produced shows that there is a discrepancy. This may indicate 
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that the red cell can derive energy from glycolysis in a 
manner we do not understand, or that other metabolic pathways 
are a means of energy production. 
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Preparation of erythrocyte ghosts 
Preparation of the erythrocyte ghosts used in this 
investigation was by mild osmotic hemolysis with the 
intention of retaininrr the morphological intactness and the 
permeability properties of the ~ythrocytes. Teorell( 159 ) 
has found that hemolysis of red cells with 10 volumes of 
water or more caused an irreversible loss of the permeability 
properties, and hemolysis with less than 6 volumes of water 
did not remove sufficient hemoglobin from the cell. 
Blood was drawn by venipuncture into 200 ml. non-wettable 
centrifuge tubes or into Fenwall plastic bags. L.eparin was 
used as an anticoagulant (Liquaemin-sodium, 3 units/mi. of 
blood). The blood was centr~fuged at 1200 x g for 10 minutes 
and the plasma removed and saved. The huffy coat of white 
cells was removed with a cotton tipped swab, the packed cells 
washed with an equal volume of cold 0.15 .J l·laCl and recentti-
fuged. The remaining white cells were removed alon~ with the 
washing fluid and discarded. 
<1ne volume of packed red cells was hemolyzed with 6 volumes 
of water (gassed With 5", cu2 to bring it to pL 5). Isotonicity 
159. Teorell, 
ghosts. 
T., ~ermeability properties of erythrocyte 
J. Gen. Physiol. 35: 669-701 (19R2). 
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was restored after 20 minutes by the addition of 1 volume 
of 7 x osmolar buffer. The ghosts prepared in this manner 
were then chilled and sedemented by centrifugation for 50 
minutes in a refrigerated centrifuge (2C) at 2700 x g. The 
wine colored hemolysate was removed and the packed ghosts 
washed in 8 volumes of isotonic buffer. The ghosts were 
again sedimented by centrifugation and rewashed. 
The buffer used for this procedure was an isotonic 
' (160) buffer similar to one described by Solomon . The 
composition is: 
Compound 
NaCl 
?IgC1 2 . 6L2 U 
CaC1 2 
Na 21JPC•4 
KH2po4 
l~Cl 
Concentration 
6.12 
0. l 02 
0.133 
0.241 
0.59 
1. 31 
2.27 
Total milliosmoles 
:·.lilliosmoles/1. 
209.3 
L • ~ 
3.6 
5. 1 
1.3 
35.2 
~4.0 
310 
The buffer was gassed with 5% CU2 -95% t12 before using to 
bring the pL to 7.4. 
~orphological characterization of erythrocyte ghosts 
The ghosts prepared by the method described were examined 
by phase contrast microscopy and found to be morphologically 
160. Jolomon, A.K. and Gold, G.L., Potassium transport in 
human erythrocytes. ~vidence for a three compartment 
system. J. Gen. Physiol. 1.§.: 371-388 (19'>5). 
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intact and relatively free of debris. Figure ~ shows a 
typical preparation. It will be noted that the cells are 
inhomogeneous in size, varying in diaiTEter from about 4-10.5 
~· There is al.so variation in pigmentation. 
~ean corpuscular volume and mean corpuscular hemoglobin 
The packed ghost cell mass was determined by sedimentation 
of ghost suspensions in capillary hematocrit tubes for 10 
minutes at 12,000 x g. The trapped plasma in the cell mass 
was estimated with I 131 labeled albumin that had been dialyzed 
with agitation against 0.165 il KI for 4 hours. The capillary 
hematocrit tubes were scratched with a diamond and broken at 
the cell plasma interface. The cell and plasma fractions were 
ground separately in test tubes containing two ml. of water, 
and the radioactivity counted in a well type scintillation 
counter. By this means the trapped plasma was estimated as 
~.7 ± 0.7%. 
Cell counts were made by phase contrast microscopy (B phase 
contrast, 430 x) under optimal conditions of counting (2 
calibrated pipettes and 2 chambers). The mean corpuscular 
volume 3 from many experiments was 56~ 1.7~ or approximately 
64o/o of the volume of the normal erythrocyte. 
The mean corpuscular hemoglobin measured on the same series 
was 6.4 + 1.6 P.f-g/ml. or 21.3% of the hemoglobin content of 
the intact cells from which the ghosts were made. 
Incubation of erythrocyte ghosts 
Ghost plasma suspensions or red cell suspensions were 
Figure 2. 
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Erythrocyte ghosts; phase photomicrograph. 
Phase contrast - darkfield 
430 X 
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incubated in siliconed flasks in a constant temperature 
water bath. The flasks were designed to allow constant 
gassing of the mixture with 5% CU2 -95% L 2 . 
The gassing 
assembly warms the gas to 37°C and saturates it with water 
vapor. It is desirable to gas the buffer to maintain pL of 
the mixture and keep the physiological C02 levels. 
are shaken at a rate of 50-60 oscillations/minute. 
The flasks 
The pl: of the blood was measured at 37°C in a constant 
temperature blood type electrode, using a Beckmann ;(odel G 
pL :',leter. Cell counts, packed cell volume determinations, and 
hemoglobin determinations were done routinely on each experiment. 
In all experiments, unless otherwise indicated, the red cells 
were one day old and the ghosts prepared frum fresh blood, kept 
at 4°C overnight and used the following day. 
Analytical methods 
;rost of the analysis were made on trichloroacetic acid 
filtrates of blood or ghosts. Cold lO% trichloroacetic acid 
was used and the protein removed by centrifugation. In cases 
where analyses were made on p1.asma, the cells were separated 
by fast centrifugation at 2C. Protein free filtrates of 
ghost plasma required a predilution of the sample with 1:1 
with 0.15 2 NaCl to facilitate the sedementation of the ghosts. 
A dilution factor for the plasma was determined from the 
hematocrit of the ghost suspension (22,000 x g for 10 min.). 
Inorganic phosphate was determined by the method of Fiske 
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(161) 
and Subbarow . Total phosphate was determined by the 
same method after wet ashing with sulfuric acid. Radioactivity 
(P32 ) was measured in a Geiger-Mueller type end window counter. 
All samples were counted at infinite thinness to avoid absorption 
corrections, and they were corrected for coincidence loss. 
Samples were counted for at least 5 x 103 total counts. 
Glucose was determined by the Nelson modification of the 
(162) Somogyi method • Pentose was determined by the method of 
(163) Mejbaum with orcinol, prolonging the heating to 40 min .. 
The optical density was read at 670 mp. This method is not 
specific for ribose, interference being caused by other sugars. 
Glucose and fructose were found to cause no interference in 
the levels found in our experiments. Inosine, ribose, ribose-5-
phosphate, and adenine nucleotides were found to give the 
same amount of chromogen development. Ribulose-5-phosphate 
which is present in our system gives about 70% of the color 
development as aldopentose. Heptose interferes but can be 
161. 
162. 
Fiske, C.H. and Subbarrow, Y., The colorimetric analysis 
of phosphorus. J. Biol. Chern. ~: 375-400 (1925). 
Nelson, N., A photometric adaption 
for the determination of glucose. 
375-380 (1944). 
of the Somogyi method 
J. Biol. Chem. ~: 
163. Mejbaum, W., Uber die bestimmung kleiner Pentosemengen 
imbesondere in Derivaten der Adenylsaure. Hoppe Seyer 
Ztschr. 258: 117-120 (1939). 
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identified by two absorption peaks, one at 670m~ and the 
(164) 
other at 590 m~ . Absorption spectra of the orcinol 
chromogen indicated a single peak in our samples and hence 
no interference from heptose. 
Fructose was measured by the method of Roe< 165 >, and 
sedoheptulose by the method of Dische< 166 >. Ribose-!-
phosphate was measured by its lability in acid. This ester 
is hydrolyzed in the determination of inorganic phosphate by 
the method of Fiske and Subbarrow. The Lowry-Lopez method 
(167) f 
or inorganic phosphate does not hydrolyze this ester. 
Therefore the difference between the value for inorganic 
phosphate by these two methods gives an indication of the 
amount of ribose-1-phosphate.present. Triose phosphate was 
measured by the method of Beck< 168 >. Phosphoenolypyruvate 
(169) 
was determined as iodine labile phosphate, • 
164. Horecker, B.L., Smyrniotis, P.Z. and K1enow, H., The 
formation of sedoheptulose phosphate from pentose phos-
phate. J. Bio1. Chem. 205: 661-682 (1953). 
165. Roe, J.H., A colorimetric method for the determination 
166. 
of fructose in blood and urine. J. Biol. Chern. ~: 15-22 (193 
Dische, Z., Qualitative and quantitative determination of 
heptose. J. Bio1. Chern. 204: 983-997 (1953). 
167: Lowry, O.H. and Lopez, J., The determination of inorganic 
phosphate in the presence of labile phosphate es%ers. 
168. 
169. 
J. Biol. Chern. ~: 421-428 (1946). 
Beck, W.S., The determination of triose phosphate and 
proposed modifications of the aldolase method of Sibley 
and Lehninger. J. Bio1. Chern. 212: 847-857 (1955). 
Lohaann, K. and Meyerhof, 0., Uber die enzyaatiche 
Uawand1ung von Phosphog1ycerinsaure in Brenztraubes.ure 
und Phosphoaaure., Biochea. Ztschr. ~~ 60-72 (1934). 
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Ketosuga:r determination 
Ketohexose and ketopentose were determined by the cysteine 
carbazole method of Dische(l70). With this technique there is 
an absorption maximum at 540mft for ketopentose (ribulose or 
xylulose) and one at 560~~ for fructose, (see Figure 3). 
Aldosu5&rs (ribose or glucose) do not develop a color. Because 
there were increases in the color intensities of these chromogens 
under all conditions in which the reaction was run, difficulty 
arose in determining the exact maximum of the chromogen under 
question. For this reason the color was developed for exactly 
15 minutes and the absorption spectra made with a Beckmann 
* DK 1 recording spectrophotometer . The color reaction was 
developed on trichloroacetic acid filtrates. 
Enzymatic determination of hypoxanthine and inosine 
The method used for the quantitation of hypoxanthine and 
inosine is adapted from Kalckar•s technique for the identification 
of purines and nucleosides< 171 >. It is based on the fact that 
hypoxanthine can be oxidized to uric acid by the addition of 
xanthine oxidase. The uric acid formed can be identified and 
170. 
171. 
Dische, Z. and Borenfreund, E., A new spectrophotometric 
method for the detection and demonstration of ketosugars 
and trioses. J. Biol. Chern.~: 583-587 (1951). 
Kalckar, H.M., Differential spectrophotometry of purine 
compounds by means of specific enzymes. I. Determination 
of hydroxypurine compounds. J. Biol. Chern. 167: 429-443 
(1947) 0 
* We are indebted to the Macallister Bicknell Co., Cambridge, 
Mass. for the use of the recording spectrophotometer. 
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Figure 3. Absorption spectra of ribulose-5-phosphate 
and fructose 1,6 diphosphate. 
0.2fiMoles of eachmtose was color developed by the cysteine-
carbazole method, 
*We are indebted to Dr. B. L. Horecker of the National 
Institutes of Health for a sample of ribulose-5-phosphate. 
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quantitative by ultraviolet spectrophotometry. Uric acid 
has an absorption maximum at 292 m~ while neither inosine 
or hypoxanthine absorb at this wavelength (see Figure 4). 
The method is practicable for measuring hypoxanthine produc--
tion in the red cells and ghosts, because the red cell is 
devoid of xanthine oxidase and has a low uric acid content 
(172) Trichloroacetic acid filtrates were neutralized to 
pH 7.0 with base. A 1:5 or 1:10 filtrate of blood was used. 
0.5 ml. of the neutralized filtrate added to a cuvette 
containing 2.2 ml. phosphate buffer pH 7.4. Readings were 
taken at 292 m~ against a buffer blank. 0.1 ml. of purified 
xanthine oxidase was added (Worthington 2,000 units/ml,) and 
the change in optical density read until the reaction came 
to completion (usually in about 8 min.). In the range of 
0.05 - 0.2 ~oles of hypoxanthine in a cuvette, the optical 
density change followed a straight line function with concen-
tration. There was no inhibition of the reaction in the 
presence of neutralized trichloroacetic acid. Inosine was 
determined by a similar procedure in which inosine present 
in a neutralized trichloroacetic acid filtrate was converted 
to hypoxanthine by the addition of nucleoside phosphorylase. 
The enzyme nucleoside phosphorylase was prepared from liver 
by the method of Kalckar( 173 >, and found to be free of adenosine 
deaminase activity. 
172. 
173. 
Jorgensen, S. and Nielsen, A.A.T., Uric acid in human blood 
corpuscles and plasma. Scand. J. Clin. ~Lab. Invest. ~: 
108-112 (1956). 
Kalckar, H.M., Differential spectrophotometry of purine 
compounds by means of specific enzymes. III. Studies of the 
enzymes of purine metabolism. J. Biol, Chern. 1671 461-475 
(1947). 
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Figure 4. The absorption spectra of the components involved 
in the enzymatic determination of purines. 
The absorption spectra are, uric acid (-----), hypoxanthine 
(-- --), and inosine(----). The spectra were determined in 
0.05M Sorenson Phosphate buffer at pH 7.4. 
extinction x 10- 3 . 
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Determination of lactic acid 
Lactic acid was determined enzymatically with lactic 
dehydrogenase and DPN, by following the increase in the 
optical density at 340 m~ caused by the production of DPNH. 
This method was used in preference to the colorimetric method 
of Barker and Summerson< 174 ) because of its specificity, 
reproducibility and sensitivity. Filtrates of blood made 
with Ba(OH) 2 - ZnS04 giving a final dilution of 1:5 or 1:10 
were found preferable to neutralized trichloroacetic acid 
filtrates. 1 ml. of the filtrate was added to a cuvette 
containing 3 mgm. DPN in 1.8 ml. of glycine - NaOH buffer 
pH 10.5. Semicarbazide was used to trap the pyruvate formed. 
The buffer contained 0.5g. semicarbazide/100 mls. This amount 
is much less than that used by Horn( 175 >, but found to be 
sufficient. An initial reading at 340 mu was made and then 
0.2 ml. of lactic dehydrogenase added (1 mg./ml. 2 x recrysta-
llized enzyme). The reaction was complete after 2 hours at 
room temperature. There was a stoichiometric conversion of 
lactate to pyruvate and the standard curve followed a straight 
line relationship with concentration. 
174. Barker, S. and Summerson, W.H., The colorimetric deter-
mination of lactic acid in biological material. J. Biol. 
Chern. 138: 535-554 (1941). 
175. Horn, H.D. and Bruns, F.H., Quantitative Bestirnmung von 
L (+) Milchsaure mit Milchsauredehydrogenase. Biochim. 
et biophys. acta.~: 378-380 (1956). 
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Analysis of pyridine nucleotides 
The fluurometric method described by Lowry< 176 > has been 
further developed for the measurement of pyridine nucleotides 
in blood and ghosts. Trichloroacetic acid filtrates of blood 
were found to destroy all of the reduced coenzyme (DPNH and 
TPNH). Fluorescense of the oxidized coenzyme was induced by 
the addition of 6 N NaOH and standing at room temperature for 
1 hour. The solution was then diluted 1:10 with water and the 
fluorescence read against a suitable blank. A fluorescence 
attachment for the Beckmann DU spectrophotometer was used, 
and increased sensitivity was provided with a photomultiplier 
attachment. 
A standard curve for DPN was made with each set of deter-
minations. Under the conditions of the test, DPNH, niacin, 
and riboflavin were found not to fluoresce. In 5% trichloro-
acetate there is neither quenching or potentiation of the 
fluorescence a The method is reliable as low as 1.5 x 10-s 
micrograms of DPN, hence it is excellent for measuring the 
low levels of DPN found in the red cell and ghost. Good precision 
with quantitative recovery of DPN added to blood was found. 
Methods for measuring reduced pyridine nucleotides are more 
difficult to develop for blood because of the difficulty of 
obtaining a clear filtrate of blood without using a deprotein-
izing agent that will destroy the DPNH or develop fluorescence 
176. Lowry, O.H., Roberts, N.R., Kapphahn, J, and Lewis, C., 
Fluorometry of oxidized and reduced pyridine nucleotides 
and microanalytical applications. Federation Proc. ]&: 
304 (1956). 
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with other compounds. Acid filtrates and alcohol or 
acetone precipitation of proteins have been found unsatis-
factory. 
The separation and guantitation of the metabolic carbohydrate 
intermediates by column chromatography 
The system of chromatography used to separate the phosphate 
esters was modified from that of Khym and Cohn< 177 >. The 
separation of pentulose-5-phosphate from ribose-5-phosphate 
has been effected using solvents described by Dickens< 72 >. The 
solvents used for the separation and the approximate volume used 
to elute each of the esters is shown in Table 2. Dowex #1-10% 
cross-link, 200-400 mesh in the chloride form was used. The 
column size was 1 x 8 ems. Individual esters were absorbed 
on the column and their elution position determined by analysis 
of total phosphate on the fractions separated, as well as 
analysis for ribose by the orcinol th d (l63) me o , reducing sugar 
by the Nelson Somogyi method( 162 >, and fructose by the resorcinol 
method< 165 >. The purine of the adenine nucleotide was measured 
by absorption at 260 m~ in the ultraviolet. 20 ml. fractions 
were collected. The recovery of the esters was at least 95% 
using moderate care. 
In experiments using ghosts or red cells the sample for 
the column was prepared as follows: the cell suspension was 
homogenized with 2 volumes of 10% trichloroacetic acid, the 
precipitate removed by centrifugation in the cold, the precipitate 
177. Khym, J.X. and Cohn, W.E., Separation of sugar phosphates 
by ion exchange with the use of the borate complex. 
J. Am. Chern. Soc. 75: 1153-1156 (1955). 
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TABLE II 
ELUANTS FOR THE SEPARATION OF PHOSPHATE ESTERS 
Compound 
I Inorganic Phos. 
II Glucose-6-P 
III Fructose-6-P 
IIIb Pentulose-5-P 
IV Ribose-5-P 
v AMP 
Phosphoglycerate 
VI ADP 
VII Fructose, 1,6-P 
2,3 diphosphogly-
cerate 
VIII Diphosphoglycerate 
IX ATP 
Eluting Solution 
0.025 M NH4Cl 
0.01 M K2B40 7 
0.027 M NH4Cl 
0.0021 M NH40H 
0.0005 M K2B40 7 
0.021 M NH4C1 
0.0021 M NH40H 
0.00001 M K2B407 
0.03 M NH4C1 
0. 0005 M K2B40 7 
0.005 M HCl 
0.02 M HCl 
Approximate volume 
to elute quantttatively 
(mls) 
600 
400 
700 
500 
600 
100 
200-500 
150 
200 
200-400 
200 
300 
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extracted with trichloroacetic acid and again centrifuged. 
The combined supernates were pooled and neutralized with 
6 N NaOH and brought to pH 8.3. Sufficient BaC1 2 was 
added and the phosphate esters precipitated by the addition 
of 4 volumes of alcohol with overnight cooling at 2C. The 
+ barium ion was removed by a resin (Dowex 50, H ) and the 
resulting solution brought to pH 8.5 with NH40H, diluted to 
50 mls. and absorbed on the column. The flow rate of solvents 
on the column was 2 mls./min. 
ASSAY OF INDIVIDUAL ENZYMES 
ATPase 
The method for the assay of ATPase is essentially that 
described by Herbert(lOO). 20 mMoles of adenosine triphosphate 
-sodium was dissolved in 5 mls. of 0.045 M glycylglycine buffer 
(pH 7.4) made isosmotic with NaCl. 5 mls. of packed cells were 
added and the mixture incubated at 37°C. Samples were removed 
at time intervals, deproteinized with trichloroacetic acid, and 
analysed for inorganic phosphate. 
DPNase 
This enzyme was assayed by adding DPN to a suspension of 
red cells or ghosts in phosphate buffer at pH 7.4. The mixture 
was incubated at 37°C, samples of blood removed at time intervals, 
deproteinized with trichloroacetic acid and analyzed for DPN 
fluorometrically. 
Hexokinase 
Hexokinase activity was measured by the decrease in glucose 
on incubation of ghosts, homogenized ghosts, or hemolysate at 
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37°C with glucose and ATP. The medium used was: 
Glucose 2.6 mM 
ATP 2.6 mM 
MgC1 2 6.0 mM 
NaF 10.0 mM 
Glycylglycine buffer 10.0 mM 
The concentrations expressed are final molar concentra-
tions. The pH of the buffer is 8.0. 
ized with Ba(0H) 2-ZnS04 . 
Glucose-6-phosphate dehydrogenase 
Samples were deprotein-
Glucose-6-phosphate dehydrogenase activity was assayed 
manometrically by oxygen uptake in the presence of methylene 
blue. The Warburg flask contained 2.7 mls. of cells or 
hemolysate and 0.2 ml. of 0.1% methylene blue. 30 uMoles of 
glucose-6-phosphate (0.2 ml.) in the side arm was tipped in 
after the flasks had equilibrated at 37°C. The oxygen uptake 
was measured for an hour. 
Phosphohexokinase 
The enzyme was assayed as was glucose-6-phosphate dehydro-
genase with the exception that the substrate was fructose-a-
phosphate. 
Aldolase 
Aldolase was measured by Beck's modification of the Sibley-
(168) Lehninger method . To 6 mls. of ghosts, red cells, or hemo-
lysate was added 1 ml. of neutralized hydrazine sulfate (0.0728 
mgm.), 2 mls. of tris (trihydroxy amino methyl methane) buffer 
pH 8.3 (0.1 M>, and 100 fMoles of fructose diphosphate (dissolved 
in 1 ml. of water). 7 mgms. of NaCl was added to make the 
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solution isosmotic, The mixture was incubated at 37°C and 
samples withdrawn at 10 minute intervals during the first 
half hour of the incubation. Deproteinization was effected 
with trichloroacetic acid and the samples developed for 
chromogen an hour with 2,4 dinitrophenylhydrazine. Dihydroxy-
acetone phosphate was used as a standard for chromogen develop-
ment. 
Phosphopyruvic kinase 
Phosphoenolypyruvic acid was added to ghosts and hemolysate 
and its disappearance measured as a decrease in iodine labile 
phosphate< 169 >. 
. 
The incubation medium contained 3 uMoles of 
phosphoenolpyruvate, 4 ~Moles ADP-Na, 60 uMoles tris buffer 
pH 7.4, and 30 uMoles of KCl per ml. The mixture was isotonic. 
With this assay system the enzyme should cause a formation of 
pyruvic acid and ATP. The decrease in phosphoenolpyruvate was 
measured. The silver barium salt of phosphoenolpyruvat~ was 
converted to the potassium salt by removal of the silver with 
HCl and the varium with K2S04 . 
Lactic dehydrogenase 
This enzyme was assayed by adding pyruvic acid to red 
cells, ghosts or hemolysates (10 ~oles/ml.) and measuring the 
appearance of lactic acid. DPNH (4 fMoles/ml.) was added. 
The pH of the medium was 7.4. 
-66-
RESULTS 
1. Effects of nucleosides on phosphate metabolism 
a. Comparison of nucleosides 
A previous study in this laboratory demonstrated that 
adenosine effected the disappearance of inorganic phosphate 
from erythrocyte plasma suspensions and ghost plasma suspensions. 
The nucleoside also retarded the efflux of phosphate from the 
ll (178) ce s . The first part of the present study extends the 
results to other nucleosides. Observations of phosphate 
disappearance in red cell suspensions and ghost plasma suspensions 
were made in the presence and absence of nucleosides. The 
contents of the incubation flask for a typical experiment were: 
178. 
phosphate: 2 mls. of 0.1 M Na2HP04 -KH2P04 buffer, 
pH 7.4/100 mls. of blood. 
nucleosides: Approximately 1.0 mMoles/100 mls. of blood 
were dissolved in plasma preequilibrated to 37°C. 
32 32 P as NaH2P 0 4 in Sorenson phosphate buffer was added 
to give a final concentration of 50 microcuries/100 
mls. of cell suspension. 
plasma: 
Red cells or ghosts - to give a cell count of approximately 
Lionetti, F., Rees, S.B., Healey, W.A., Walker, B.S. and 
Gibson, J.G. 2nd., The effect of adenosine on the esterifi-
cation of phosphate by erythrocyte ghosts. J. Biol. Chem. 
~: 467-476 (1956). 
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Figure 5 shows that inosine stimulates the disappearance 
of inorganic phosphate from plasma in the presence of both 
ghosts and red cells. Figure 6 shows that guanosine causes 
the same effect. On a cell for cell basis the phenomenon 
is of a slightly greater magnitude in the ghost than in the 
red cell. This disappearance of inorganic phosphate is not 
a mere diffusion of phosphate from plasma into cells. There 
is a true esterification of inorganic phosphate, as measurements 
of whole blood inorganic phosphate showed a comparable disappear-
ance of phosphate (Figures 7 and 8). The activity must reside 
in the cells, as plasma was found unable to esterify phosphate 
either in the presence or absence of nucleosides. 
The disappearance of phosphate from plasma is the algebraic 
sum of two effects: 1. The flux of phosphate into the cell, and 
2. The simultaneous breakdown of ester phosphate in the cell 
and the diffusion of the inorganic phosphate so formed out of 
the cell. Experiments with P 32 should demonstrate if there is 
a movement of phosphate out of the cell. That is, the ester 
phosphate and inorganic phosphate within the cell are initially 
non-radioactive. A breakdown of ester phosphate in the cell and 
efflux into the plasma would cause a dilution of the radioactive 
phosphate in the plasma and a decrease in specific activity. 
Figure 9 shows specific activities of plasma inorganic phosphate 
in unfortified red cells and red cells with added inosine and 
guanosine. The decrease in specific activity of phosphate in 
the red cell control is evidence for efflux of phosphate from 
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Figure 5. The effect of inosine on the transfer of inorganic 
phosphate from plasma to cells. 
Red cells (e) and ghosts ( t>) were incubated with inosine 
(8.4 mM> and phosphate (2.0 mM). The average pH during the 
incubation was 7.4 for red cells and 7.5 for ghosts. The red 
cell control (e) and ghost control ( O) contained phosphate 
(2.0 mM) but no inosine. The average pH on the control flasks 
was 7.4 for red cells and 7.5 for ghosts. The disappearance 
of inorganic phosphate from plasma is expressed as micromoles 
of P/1012 cells, by multiplying the plasma value in micromoles/ 
ml. by (l- hematocrit), dividing by the cell count in cells/cm3 , 
and multiplying by 1012. 
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Figure 6. The effect of guanosine on the transfer of inorganic 
phosphate from plasma to cells. 
Red cells <e> and ghosts(()) were incubated with guanosine 
(10 mM) and added phosphate (2.0 mM). The average pH during 
the incubation was 7.4 for red cells, and 7.1 for ghosts. The 
red cell control ( >() and ghost control (Q) contained phosphate 
(2.0 mM) but no inosine. The average pH on the controls was 
7.4 for red cells and 7.5 for ghosts. 
ted as in Figure 5. 
The values were calcula-
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Figure 7. The effect of inosine on the disappearance of 
inorganic phosphate from whole blood and ghost plasma 
suspensions. 
Red cells ( e> and ghosts (()) were incubated at 37°C with 
inosine (8.4 mM) and 2.0 mM phosphate. 
7.4 for red cells, and 7.5 for ghosts. 
The average pH was 
The red cell(.) and 
ghost (Q) controls contained 2.0 mM phosphate but no inosine. 
The average pH of the controls was 7.4 for red cells and 7.5 
for ghosts. 
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Figure 8. The effect of guanosine on the disappearance of 
inorganic phosphate from whole blood and ghost plasma suspen-
sions. 
Red cells (e) and ghosts ( t)) were incubated at 37°C with 
guanosine (10.0 mM) and phosphate (2.0mM). The average pH 
was 7. 4 for red cells and 7. 5 for ghosts. The red cell (e) 
and ghost (0) controls contained phosphate (2.0 mM) but no 
guanosine. 
ghosts. 
The average pH was 7.4 for red cells and 7.1 for 
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Figure 9. The effect of nucleosides on the turnover of 
inorganic phosphate in erythrocytes. 
R.S.A. is the relative specific activity of phosphate as 
counts/minute/micromole of inorganic phosphate in the plasma. 
The specific activity is normalized to an added P 32 count of 
1 x 105 counts/minute/mi. of blood and a cell count of 4 x 10 6 
I mm 3 . Red cells and inosine ce>. red cells and guanosine (f)) 
and red cells in the absence of nucleoside (e) were incubated 
as described in Figures 5 and 6. 
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the cell. Nucleosides effect a reversal of this phenomenon 
and a steady state condition where the specific activity 
remains essentially constant. Figure 10 shows specific 
activities for phosphate in plasma suspensions containing 
ghosts. Ghost controls as red cell controls showed decreases 
in specific activity with time. Addition of nucleosides caused 
significant increases in the specific activities. Since equiva-
lent effects of nucleosides are theoretically predictible on 
both labeled and unlabeled phosphate, and since it is known 
that there is no simple exchange of radioactive P 32 with ester 
phosphate< 179 >, the exchange of phosphate between ghosts and 
plasma as with red cells and plasma would be expected to 
maintain a steady state with specific activity remaining 
constant over 4 hours. Examination of plasma from ghost equili-
brations revealed appreciable amounts of ester phosphate, which 
presumably had diffused from the cells. Correction of specific 
activities of inorganic phosphate for contamination with ester 
phosphate yielded values consistent with the red cell observations. 
The amounts of ester phosphate found in the plasma amounted to 
24% in the first half hour and 43% in 4 hours of the total 
amount of inorganic phosphate which had disappeared from the 
179. Gourley, D.H.R., Failure of P 32 to exchange with organic 
phosphorus compounds. U.S. Atomic Energy Technical 
Service Issuance, AECU 1763 (1952). 
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Figure 10. The effect of nucleosides on the turnover of 
inorganic phosphate in erythrocyte ghosts. 
R.S.A. is the relative specific activity of plasma phosphate 
as counts/minute/micromole of inorganic phosphate, normalized 
as in Figure 9. Ghosts and inosine <e>, ghosts and guanosine 
( ()), and ghost control ( 0 ) are shown. Ghosts and inosine <X) 
give corrected specific activities when the plasma values are 
corrected for the true inorganic phosphate fraction of the total 
count, that is 
c/m/JlMole IP x uMoles I.P. = (c/min./~Moles Total P 
plasma) = R.S.A. 
in 
}iMoles Total P 
(corrected). The other experimental conditions were as given 
in Figures 5 and 6. 
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plasma (3.43 ~M IP/ml. plasma). Esterification of this 
' 
phosphate extracellularly by contaminating hemolysate (see 
below) was unlikely as the extracellular hemoglobin was only 
5.7% of that present in the hemolysate. The conclusion is that 
the ghosts in the presence of nucleosides esterify phosphate 
intracellularly, and because of the altered permeability of 
this cell there is an.outward diffusion of the ester phosphate. 
Cell free hemolysates demonstrated nucleoside induced 
disappearance of inorganic phosphate (Figure 11). Controls 
show no change in inorganic phosphate in the absence of 
nucleosides. Using the same final molar concentrations of 
nucleoside and of inorganic phosphate, and expressing the 
values of inorganic phosphate disappearance in terms of the 
amount of hemolysate from 1012 cells, it is seen that the 
esterification of phosphate greatly exceeds that found in 
the red cell or in the ghost. Since the sum of the parts 
(hemolysate and ghost) exceeds the whole (intact red cells), 
the precess of hemolysis must either liberate the enzymatic 
species responsible for the esterification of inorganic phos-
phate, or the effective increase aay be due to a greater 
accessibility of substrate to enzyae with consequential 
increases in thekinetics of their interaction. 
Dependence of phosphate esterification on temperature 
To confirm the metabolic nature of the phosphate exchange 
in ghosts, kinetic experiments were run at four temperatures 
Samples were withdrawn at 15 minute 
intervals for the first hour and at 30 ainute intervals for the 
-sa-
Figure 11. The esterification of inorganic phosphate in 
ghost free heaolysates. 
Inosine <e> 8.4 •M and phosphate (2.0 aM) were incubated with 
heaolysate at 37°C, Guanosine (Q) 8.4 aM and phosphate (2.0 
aM) were incubated similarly. Beaolysate control contained no 
nucleoside <X). The average pH of these experiments was 7.2, 
hemolysate with inosine; 7.1, heaolysate with guanosine; and 
7.4, heaolysate control. Beaolysate was prepared from red cells 
by addition of 6 volumes of water, at room temperature. The 
mixture was allowed to stand for 20 ainutes, then made 0.15 M 
in NaCl. Cells were separated (microscopic examination) by 
centrifuging for 50 minutes at 2C and 2700 x g. 10 ala. of 
plasma containing nucleoside and phosphate was pre-equilibrated 
to 37°C and added to 40 mls. of heaolysate. The phosphate 
esterified is expressed as uMoles inorganic phosphate by hemol-
ysate from 1012 erythrocytes. 
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next two hours, and analyzed for inorganic phosphate. Rate 
constants were calculated for the first 1-1! hours of the 
reaction. During this time the reaction followed first 
order kinetics giving velocity constants {k) equal to 2.303 
x the slope, when C0 /Ct was plotted against time {C0 was the 
inorganic phosphate concentration at zero time and Ct was the 
concentration at time t). The energy of activation {E) was 
calculated froa the Arrhenius equasion d ln k = 
dT 
plotting log kegainst A froa which the slopes of 
T 
E by 
ii'TT" 
the line 
gave -2.30 E/R {Figure 12). The energies of activation for 
phosphate esterification by red cella, ghosts, and hemolysates 
with inosine were found to be 28,000, 19,000 and 9,000 calories/ 
mole respectively. In spite of the technical difficulties in 
acquiring data with heaolysates and ghosts, the magnitude of the 
activation energies is considered reliable, as the Arrhenius 
plots were linear over the range studied. At 47°C the phosphate 
exchange was kinetically first order during the first hour 
permitting calculation of the rate constant. After one hour 
however, there was a sharp transition indicated by an efflux 
of phosphate from the cells, which showed a clear cut first 
order inactivation. 
The differences in the activation energies for the red 
cell, ghost, and hemolysate indicate differences in the 
mechanisa of the aetabolisa of phosphate by these tissues. 
The ghost value of 19,000 calories conftras the metabolic nature 
of the phosphate exchange, as a much lower value {less than 
3,000 eal./aole) would be expected if diffusion from the medium 
-85-
Figure 12. The effect of temperature on the inosine stimu-
lated phosphate esterification in the red cell and components. 
The first order reaction velocity constant k, was calculated 
during the first hour and a half of the equilibration. T is 
the absolute temperature. Re~ cells <e> were incubated as 
described previously. The average pH was 7.3 and the average 
cell count was 4.7 x 106 /mm3 • Ghost plasma suspension (()) 
had an average pH of 7.20 and an average cell count of 4.5 
x 106 /am3 , Cell free hemolysates (~)were incubated as in 
Figure 4. The average pH was 7.3. In all experiments the 
final concentration of inosine was 11 mM and phosphate 2.0mM. 
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into the cells was the major factor governing the entry of 
inorganic phosphate. 
The fate of the purine moiety of nucleoside& 
Inosine and adenosine 
The production of hypoxanthine from both inosine and 
adenosine in erythrocyte ghosts is shown in Figure 13. In 
Figures 14 and 15 are presented similar measurements for red 
cells and cell free hemolysates. It is seen from these Figures 
that there is a production of hypoxanthine from both inosine 
and adenosine, and that this enzymatic activity is distributed 
bwtween the soluble hemolysate and the ghost. The rate of 
hypoxanthine production was fastest in the cell free heaolysate, 
slower in the red cell, and slowest in the ghost. In all cases 
the production of the free purine base fro• the nucleoside was 
somewhat faster with inosine. Adenosine is found to give rise 
to hypoxanthine by being first converted to inosine. This was 
shown by the addition of purified nucleoside phosphorylase to 
a neutralized trichloroacetic acid filtrate of the incubation 
medium and aeasuring the amount of hypoxanthine foraed, in the 
presence of the enzyae. It was found by this procedure that in 
the red cell, ghost, and hemolysate, there was a buildup of 
inosine which was finally metabolized to hypoxanthine. Control 
values for hypoxanthine production in ghosts and cell free 
hemolysates in the absence of nucleoside& show that there is 
no increase over the initial value of hypoxanthine in three 
hours. With red cells there is a production of a small but 
real amount of hypoxanthine probably due to the breakdown of 
-ss-
Figure 13. Hypoxanthine production in erythrocyte ghosts. 
Erythrocyte ghosts were incubated at 37°C with added nucleo-
side (10 aM) and added phosphate (4.0 •M>· The average pH 
of the preparation containing inosine <e> was 7.5 and for the 
containing adenosine (Q) was 7.4. The pH did not vary signifi-
cantly in the course of the reaction but did rise slightly 
(0.1 unit) in the flask containing adenosine. Control values 
are not plotted, but ghosts in the absence of nucleoside did 
not produce any hypoxanthine. 
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Hypoxanthine production in erythrocytes. 
Red cells were incubated at 37°C in the presence of added 
nucleoside (10 aM) and added phosphate, Na2HP04-KH2P04 
(4.0 aM). The average pH for red cells with inosine <e) 
was 7.2 and for red cells with adenosine (Q) 7.3. Red 
cell control, no nucleoside added, had an average pH of 
7.3 <X>. 
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Figure 15. Hypoxanthine production in cell free hemolysate. 
Hemolysates were incubated at 37°C with added nucleoside& 
(10 aM) and added phosphate, Na2HP04- KH2P04 (4 aM). The 
average pH in the experiments with inosine <e) was 7.5 and 
the experiment with adenosine <0> 7.4. The values are 
expressed as ~Moles hypoxanthine produced by heaolysate from 
Io12cells. The hemolysate was prepared from red cells by 
hemolysis with 6 volumes of water for 20 minutes, restoration 
of isotonicity, and centrifugation (2700 x g). Centrifugation 
at 2°C for 50 minutes was sufficient to remove the ghosts. 
Control hemolysate <X) (with no nucleoside added) produced 
no hypoxanthine. 
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(106} 
adenine nucleotides • The amount produced (see Figure 
14} in no way interferes with the determination of the hypo-
xanthine production from nucleoside. Plasma controls showed 
no activity as far as production of hypoxanthine from nucle-
osides. 
In ghosts, the amount of hypoxanthine produced is 
approximately equal to the amount of inorganic phosphate 
esterified, whereas in the red cell and cell free hemolysates, 
hypoxanthine production from nucleoside exceeds the phosphate 
esterification. An explanation of this fact might be the 
action of phosphatases in the red cell, which enzymes may be 
absent in the ghost. 
Guanosine 
Ghosts, red cells and hemolysates incubated with guanosine 
under the same conditions as with adenosine or inosine showed 
no net accumulation of hypoxanthine. The absorption spectrum 
for guanosine in phosphate buffer at pH 7.4 shows a greater 
extinction at 290 m~ than either inosine or adenosine, making 
the enzymatic test for hypoxanthine in the presence of guanosine 
less sensitive. Nevertheless on the addition of xanthine oxidase 
to the system there was no increase in absorption, that is, no 
production of uric acid. Absorption spectra were made in the 
ultraviolet on filtrates made during the time course of the 
reaction with guanosine. The spectra, in acid at pH 1 and base 
at pH 11 were compared with spectra of guanosine and guanine, 
made under the same conditions. 250/260 and 260/280 ratios 
were calculated and compared with the standards. This spectral 
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data, although not conclusive, indicate a decrease in the 
aaount of guanosine during the tiae course, and a siaultaneous 
increase in guanine. 
Figure 16 suaaarizes the relationships of the aetabolisa 
of nucleoside& in the red cell, ghost and heaolysate. 
Metabolisa of the pentose aoiety of nucleoside& 
Disappearance of pentose 
The effects of nucleoside& on pentose disappearance in 
ghosts, red cells, and cell free heaolysates are shown in 
Figures 17, 18, and 19. Appreciable aaounts of nucleoside 
pentose were observed to aetabolize in four hours, although 
no significant differences aaong the nucleosides tested 
existed. The aagnitude of pentose disappearance in ghosts 
was coaparable to that of the er7throcyte. Cell free heaoly-
sates greatly exceed both the ghost and red cell in this 
function. 
Spectra of the chroaogen with orcinol showed a single 
peak at 870 ~ in all cases. This indicated that there was 
no interference in the pentose color developaent due to 
heptose foraation. The absence of 
also confiraed by the coloriaetric 
any detectible heptose 
(166) 
aethod of Dische • 
The value for the disappearance of pentose, thus, gives a 
was 
ainiaua value for the aaount of nucleoside pentose disappearing. 
A production of aldopentose phosphate froa the nucleoside would 
cause no decrease in the orcinol chroaogen, whereas the produc-
tion of ketopentose phosphate (see below) would cause a 
decrease in the orcinol reacting chroaogen due to a lower 
extinction coefficient of the ketopentose chroaogen. The effect 
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Figure 17. The effects of nucleoside& on pentose metabolisa 
in ghost plasaa suspensioas. 
<0) Inosine (conditions as in Figure 7) 
<1i) Guanosine (conditions as in Figure 8) 
<e > Adenosine (fro• Lionetti .!.l .!.! (170)) 
<X> Control - no nucleoside added. 
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Figure 18. The effects of nucleoside• on pentoae aetaboliaa 
in red cella. 
<•) Inosine (conditions as in Figure 7) 
( <) ) Guanosine (conditions as in Figure 8) 
<0) Adenosine (fro• Lionetti .!.!. .!!. (170)) 
<X) Control - no nucleoside. 
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Figure 19. The effect of nucleoside& on the •etabolis• of 
pentoae in cell free he•olysates. 
( •) Inosine 
( 0) Guanosine 
(X) Control - no nucleoside added. 
Conditions are given in Figure 11. 
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measured in the experiments is the disappearance of the 
nucleoside pentose because of the overwhelming amount of 
pentose from nucleoside (10 fMole/ml.) in comparison with 
the non nucleoside pentose in the control (1.4 ~oles/ml. 
ofred cell suspension, 0.5 pMoles/al. of ghosts suspension, 
andO.l~Moles/ml. of heaolysate). Control values for pentose 
disappearance, no nucleoside added, showed no change, (Figures 
17,18, and 19). 
P,pendence of pentose metabolism on inorganic phosphate 
The disappearance of pentose of nucleoside& is dependent 
on the presence of inorganic phosphate. Table III shows tha 
effect of varying the initial inorganis phosphate concentration 
in ghost plasma suspensions. In this series of experiments the 
nucleoside concentration was kept constant. It is seen in the 
case where no inorganic phosphate was added (initial IP 120pMoles) 
that there is very little utilization of pentose. The amount of 
pentose disappearing reaches a maximum when there is as much 
inorganic phosphate present as pentose of nucleoside present. 
Increasing the amount of phosphate above this level does not 
increase the metabolism of pentose. The ratio of inorganic 
phosphate esterified to pentose metabolized reaches a maximum 
value of 1 at this level. Increasing inosine from 1460 to 
12 3000 ~oles/10 cells increased the pentose metabolism from 
12 980 to 1380~oles/10 cells/3 hours. 
The presence of a nucleoside phosphorylase, indicated by 
the production of hypoxanthine and the simultaneous esterifica-
tion of phosphate, would cause a production of ribose-1-phosphate. 
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TABLE III 
Dependence of pentose aetabolisa in erythrocyte ghosts 
on inorganic phosphate concentration. 
Microaoles/l012cells 
sMoles IPl3 hrs. 
~pt. Initial Initial Pentose IP pMoles Pentose/ 
Pentose IP Metabolized Esterified 3 hrs. 
/3 hrs. /3 hrs. 
l-29a 1260 120 120 30 .28 
1-29b 1320 960 660 440 .66 
l-29d 1460 2750 980 1100 1.12 
1-29e 1280 3730 830 880 1.07 
>rythrocyte ghosts were incubated with inosine and inorganic phosphate 
Lt 37C. The average pH was 7.29. 
This ester was not found present in our experiaents, aeasured 
as acid labile phosphate (see aethods). In addition, analysis 
of free ribose in zinc hydroxide filtrates of blood before and 
after treataent with 1 ~ acid at rooa teaperature for 15 ain. 
were negative. Ribose-1-phosphate would be hydrolyzed to free 
ribose by this procedure. Disappearance of orcinol chroaogen 
with tiae in red cells, ghosts, and heaolysate indicates that 
ribose-1-phosphate foraed fro• the split of inosine, is rapidly 
aetabolized to other coaponents and does not accuaulate. 
Products of the aetabolisa of nucleoside pentose 
Figures 20, 21 and 22 show spectra aade with the cysteine-
carbazole method on trichloroacetic acid filtrates of a kinetic 
course of ghosts, red cells, and heaolysates. This aethod shows 
a peak at 540 ·~ for ketopentose, and a peak at 580 •p for 
ketohexose (see Figure 3). The results of these spectra 
although not quantitative nor absolutely specific indicate a 
buildup of both ketopentose and ketohexose on incubation of 
ghosts, red cells, or heaolysate with inosine. Data with red 
cells (Figure 21) indicates that the principal ketosugar building 
up is a ketopentose, there is little shifting of the peak froa 
540 toward 580 ~· Ghost suspensions incubated with inosine 
(Figure 20) show an initial buildup of ketopentose and a further 
aetabolisa of the ketopentose~ ketohexose as shown by a shifting 
of the aaxiaua of the absorption away froa 540 ·~ toward 560 ·~· 
The aaount of chromogen developaent in the ghost is slightly 
less than in the red cell. An experiaent with ghosts incubated 
with inosine for as long as 12 hours (not plotted) showed that 
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the peak of chromogen development was reached at 4 hours. 
Following, there was a slight decrease in the height of 
the curve and a more pronounced shifting of the maximum 
toward 560 ·~· until at 11 hours it appeared that all 
the ketosugar was in the form of fructose esters. Plotting 
of the spectral data as log absorbance versus wavelength 
to eliminate lateral dispersion of the absorption spectra, 
showed that the curves were not auperimposable, as would 
be expected for a one component system with increasing 
concentrations. There is a definite skewing of the curves 
toward the 560 m~ wavelength indicating that the ratio of 
ketohexose to ketopentose increased during the incubation. 
Figure 22 shows that in cell free heaolysates with inosine 
there is also an appreciable accumulation of ketosugar, 
initially ketopentose which is converted to ketohexose on 
further incubation. Control data for red cells, ghosts, 
and hemolysates showed no increase of chromogen over that 
found in the zero time sample. 
To check the assumption that inosine was metabolized 
by way of ribose-5-phoaphate, this ester was used as a 
substrate in place of inosine. Figure 23 shows the cysteine-
carbazole spectra developed in 0.5 ml. of a 1/3 trichloro-
acetic acid filtrate of aliquot• taken at time intervals 
in the incubation. Although phosphate esters are reported 
to be relatively impermeable to the red cell(lSO) this 
~80. Hevesey, G., Soae applications of radioactive indicators 
in turnover studies. Adv. in Enzymology 2: 111-214 (1947). 
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Figure 20. Cysteine-carbazole spectra; ghosts and inosine. 
Ghosts were incubated with inosine (10 ~) and added 
phosphate, Na2HP04-KH2P04 (2.0 ~). Saaples were withdrawn 
at tiae intervals, as indicated, and 1 al. of a 1:3 trichloro-
acetic acid filtrate analyzed by the cysteine-carbazole 
aethod. The average pH was 7.3 and the cell count 4.3 x 
lo8 /aa3 • 
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Figure 21. Cysteine-carbazole spectra; red cells and 
inosine. 
Red cells were incubated with inosine (lO.OaM> and 
added phosphate, Na2HP04-KH2P04 (2.0 aM). Samples were 
withdrawn at the tiae intervals indicated and 1 ml. of 
a 1:3 trichloroacetic acid filtrate analyzed by the 
cysteine-carbazole method. The average pH was 7.2 and 
the cell count 5.0 x l08/aa3 . 
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Figure 22. Cysteine-carbazole spectra; heaolyaate and 
inosine. 
Heaolyaate was incubated with inosine (10.0 •M> and 
added phosphate, Na2HP04-KH2P04 (2.0 •M>· Samples were 
withdrawn at the time intervals indicated and 1 al, of a 
1:3 trichloroacetic acid filtrate analyzed by the cysteine-
carbazole method, The average pH was 7.0. The heaolyaate 
was prepared by the addition of 8 -oluaea of water to 1 
volu•e of red cella, hemolysis for 20 ainutea, and reversal 
of heaolyaia with 1 volume of hypertonic buffer, It was 
made free of cella by centrifugation at 2700 x g for 50 
minutes. The final dilution of the original blood was 
1/10. 
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substrate was nevertheless metabolized as shown by the 
appearance of a ketopentose, The phosphorylated sugar 
was quite slow in penetrating the red cell, as during 
the first 15 minutes of the incubation there was no 
production of ketopentose. With ghosts, on the other 
hand, there was a rapid initial reaction with a buildup 
of a peak at 540 m~, suggesting a greater permeability 
of the sugar. After 15 minutes of incubation there was 
a slight decrease in the height of the curve accompanied 
by a shift of the peak toward 560 mp. This is interpreted 
as a turnover of the pentulose ester, formed from ribose-
5-phosphate, into fructose esters. With cell free hemolysate 
similar results were obtained, a buildup of a 540 peak 
followed by a shifting of the peak toward 560 mp. The 
initial rate of ketosugar formation in the hemolysate was 
slightly faster than in the ghost, The 1 and 2 hour 
samples are not plotted for hemolysate but are intermediate 
between the 1/2 and 3 hour samples. 
Comparison of ribose-5-phosphate and inosine as substr-
ates showed similarities between the two. The red cell with 
ribose-5-phosphate as with inosine does not produce as much 
ketohexose as either the ghost or the hemolysate. The 
shifting of the 540 peak toward 560 was more marked in the 
ghosts than in the hemolysate with both substrates. The 
rate of metabolism of ribose-5-phosphate was approximately 
twice as fast as that with a comparable amount of inosine, 
(Figures 20, 21, and 22). There was a disappearance of the 
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Figure 23. The aetabolisa of ribose-5-phosphate in 
erythrocytes and coaponents. 
A. Red cells were incubated with ribose-5-phos~hate (9.6 aM) 
and phosphate (2.0 aM). The average pH was 7.3 and 
the cell count 6.05 x 106/••3 • 0.5 •1. of a 1:3 trichloro-
acetic acid filtrate was developed for chro•ogen with 
the cysteine-carbazole aethod as described above. The 
ti•es of incubation are indicated on the graph. 
B. Ghosts were incubated under the saae conditions as the 
red cells. The chroaogen was developed as above. The 
average pH was 7.5 and the cell count 5.0 x 106; •• 3 • 
C. Heaolysates were incubated and treated as above. The 
average pH was 7.6. The heaolysate was prepared as 
described previously and represents a 1:10 dilution of 
the original red cells. 
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orcinol chroaogen during the course of the reaction. The 
very alight increase in inorganic phosphate is evidence 
that there was no appreciable action of phosphatase& on 
the riboae-5-phosphate. 
Chroaatographic separation of phosphate esters 
The phosphate esters of ghosts were separated by 
anion exchange chroaatography to exaaine coapletely and 
quantitatively the interaediatea foraed in the aetabolisa 
of inosine. Ghost plasaa suspension were incubated with 
inosine and P 32 as in previous experiaents, 75 al. aliquots 
withdrawn at tiae intervals, and the phosphate esters chro-
aatographed. A control zero tiae saaple was not chromato-
graphed because of the very low ester phosphate concentration 
12 (ca. 20 pMoles per 10 cella). Figures 24A and 24B show 
the separation of phosphate esters after incubation of 
ghost plaaaa suspensions for 1/2 hour and 3 hours. Purity 
of the particular peaks is deaonstrated by constant specific 
activities (counts/ainute/a~Mole of phosphate). The irregular 
peak following riboae-5-phosphate is not pure by this 
criterion. It appears to be a aixture of pentulose phosphates. 
The diphosphoglyceric acid peak is froa all indication 2,3-
diphosphoglyceric acid. 1,3-diphoaphoglyceric acid has not 
been separated froa 2,3-diphoaphoglyceric acid. The saall 
peak following 2,3-diphosphoclyceric acid is not characterized. 
It aay be 2,3-diphosphoglyceric acid, as a sample of 2,3-
diphosphoglyceric acid (Schwartz Biocheaicala Co.) separates 
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into two peaks in the same manner. All the other peaks 
on the separation appear pure by the criterion of constant 
specific activity. 
A summary of the quantitation of the phosphate esters 
separated by chromatography is given in Table IV. Also 
given are the specific activities that correspond. These 
data indicate an appreciable synthesis of ester phosphates. 
The low level of ester phosphate in the zero time sample 
adds significance to this observation. The carbohydrate 
intermediates must have originated from the pentose of the 
inosine because the ghost is unable to utilize glucose 
(see below). Three carbohydrate intermediates were not 
separated by chromatography, dihydroxyacetone-phosphate, 
glyceraldehyde-3-phospha~e, and phosphoenolpyruvic acid. 
The amount of glyceraldehyde-3-phoaphate and dihydroxyacetone 
phosphate in the ghosts was too small (less than 20 ~olea 
per 1012 cells) to be measured accurately by the colorimetric 
method. It was found not to increase above this level during 
the course of the incubation. Measurements for phosphoenol-
pyruvic acid as iodine labile phosphate, showed no measurable 
amount present during the course of the incubation. Summation 
of the total ester phosphate appearing in the course of the 
reaction correlates well with t~e amount of inorganic phosphate 
disappearing from the system. 
A buildup of ribose-5-phosphate and pentulose phosphate 
is seen in the first hour and a half of the reaction followed 
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Figure 24. Chromatographic separation of phosphate esters 
in the erythrocyte ghost. 
Erythrocyte ghosts were incubated with inosine (9.8 mM> and 
added phosphate (4.0 mM>· 32 P (4.8 pcuries/ml. of ghost 
suspension) was added as Na2HP04-KB2P04 • The cell count 
was 4.8 x l06/mm3 and the average pH 7.4. 75 ml. aliquots 
of the ghost suspension were withdrawn at time intervals 
and analyzed for phosphate esters by anion exchange chromato-
graphy as described. P 32 was used as a tracer for the 
particular fractions, and the total phosphate of many of 
the samples determined to check the specific activity of 
the particular ester. The different peaks were also measured 
for purine and their particular sugar component. 
A. 1/2 hour sample 
B. 3 hour sample 
The solvents indicated refer to Table II. 
The following abbreviations are used: 
Glucose-6-phoaphate , F-•-P Fructose-6-phosphate, 
AMP 5-adenylic acid, PGA monophosphoglyceric acid, 
ADP adenosine diphosphate, F-D-P fructose 1,6-diphosphate 
and DPG diphosphoglyceric acid. ATP is not shown in the 
Figure. 
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TABLE IV 
Phosphate esters produced from inosine by erythrocyte ghosts. 
12 Specific Activities 
uMole P£10 cells c£min,lmaMo1e .E 
> J 
Hours of incubation + li 3 + li 3 
Glucose-6-phosphate 2 55 95 70 118 150 
Fructose-6-phosphate 22 79 53 100 120 145 
Ribose-5-phosphate 1 16 1 60 194 180 
Pentulose-5-phosphate 1.5 11 2 70 104 115 
Phosphoglyceric acid 1.5 49 97 115 153 240 
Hexose-1,6-diphosphate 1.5 28 63 55 108 115 
2,3-Diphosphog1yceric acid 7 78 112 12 40 65 
Adenylic acid 0.6 1.8 1.9 110 115 390 
Adenosine diphosphate 6.6 6.4 3.4 50 125 80 
Adenosine triphosphate 6.9 4.2 2.5 
- 50 135 
Sum 50.6 327.4 430.8 
Experimental details are given in Figure 24. 
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by a disappearance of these esters shown by a low level 
in the 3 hour sample. This is evidence for ribose and 
pentulose phosphates being intermediates in the aetabol-
ism of the pentose of nucleoside&. If these esters are 
metabolized via the anaerobic portion of the hexose mono-
phosphate shunt as outlined in Figure 1, the sum of the 
reactions would be: 
3 ribose-5-phosphate ~ 2 fructose-6-phosphate + glycer-
aldehyde-3-phosphate. Some intermediates of the shunt 
may not be seen because their metabolism is not rate 
limiting. Sedoheptulose has not been demonstrated on 
incubation of ghosts with inosine. No attempt has been 
made to isolate or identify erythrulose phosphate. 
Fructose-6-phosphate has been found to increase in 
the first hour and a half of the reaction and then be 
further metabolized. Glyceraldehyde-3-phosphate formed 
froa the above reaction would be metabolized to form 
phosphoglyceric acid or condensed in the presence of 
aldolase to form hexose diphosphate. Consistent with 
the above scheme, the level of fructose-6-phosphate was 
higher than the phosphoglyceric acids early in the exper-
iment. 
The possible routes for the metabolism of fructose-6-
phosphate would be isomerization to glucose-6-phosphate 
by phosphohexoisoaerase which is present in the ghost (see 
below) or phosphorylation to fora fructose diphosphate. 
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Both of these esters build up as the fructose-6-phosphate 
decreases. It is possible that glucose-6-phosphate arises 
more directly from pentose by a mechaniam independent of 
the isomerization of fructose-6-phosphate. This is 
improbable because if it were so, the initial level of 
glucose-6-phosphate (1/2 hour sample) would be expected 
to be comparable to the level of fructose-6-phosphate. 
Hexose diphosphate could possibly arise from condensation 
of two molecules of glyceraldehyde-3-phosphate or by 
phosphorylation of fructose-6-phosphate. Phosphoglyceric 
acids arise from phosphoglyceraldehyde. This ester is 
produced in the anaerobic pentose shunt and also by the 
action of aldolase on fructose diphosphate. Phosphogly-
eerie acids accumulated to a very high level and appear to 
represent a termination of the metabolism of the pentose. 
Specific activities of the various esters can yield 
more information as to precursor product relationships 
and the pathway of metabolism. Compounds that show highest 
specific activity soonest are probably the precursors of 
(181) the other compounds • Radioactive inorganic phosphate 
is esterified in the phosphorolytic cleavage of the 
nucleoside and in the formation of diphosphoglyceric acid 
from phosphoglyceraldehyde (see Figure 25). Assuming that 
there is a pool of ester phosphate present, the specific 
181. Zilversmidt, D.B., Entenman, C. and Fishler, M.C., 
On the calculation of turnover time and turnover 
rate from experiments involving the use of labeling 
agents. J. Gen. Physiol. 26: 325-331 (1943-1944). 
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activity of any ester should be lower than that of its 
Seeing that there is a very small pool of 
ester phosphate initially in the ghost, the derivative 
should have a specific activity which is only slightly 
less than the precursor. As metabolism approaches an 
equilibrium the specific activities of the intermediates 
should approach each other. Data for specific activities 
• (Table IV) are consistant with the precursor-product 
relationship of ribose-5-phosphate to fructose-6-phosphate 
and ot this to glucose-6-phosphate. This would mean 
ribose-5-phaphate is converted to fructose-6-phosphate 
and that this in time is converted to glucose-6-phosphate. 
The initial low specific activity of ribose-5-phosphate 
may be due to a greater initial amount of pentose phosphate 
than hexose phosphate. The specific activity of hexose 
diphosphate should be initially about half that of fructose-6-
phosphate because the phosphorylation of #1 carbon involves 
the transfer of phosphate from an initially non-radioactive 
ATP. As the incubation proceeds, however, the terminal 
phosphate of ATP becomes radioactive and the specific 
activities of hexose diphosphate should rise and approach 
those of fructose-6-phosphate. This is found to be the 
case. Glyceraldehyde-3-phosphate can be seen from Figure 
25 to arise from two reactions: the cleavage of hexose 
diphosphate by aldolase, and directly from the hexomono-
phosphate shunt. The glyceraldehyde-3-phosphate arising 
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Figure 25. Radioactive labeling of phosphate esters 
in the erythrocyte ghost. 
Ribose-5-P* ~ Fructose-6-P* 
G,,oora,Oah,o•-•-P• ~ATP 
\ 
Glucose-6-P* 
Fructose-1,6*-P 
~ 
Glyceraldehyde-3-P* Dihydroxyacetone-P* 
·i 
11 3* 
• Diphosphogl~ 
ADP ) 2',3* Diphosphoglycerate 
••-pho•1t"•'>••ra<• ~' ATP' 
2*-phosphoglycerate 
P* represents the initial radioactive labeling of esters 
resulting from nucleoside phosphorylase activity. 
P' represents the radioactive labeling resulting from the 
glyceraldehyde-3-phosphate dehydrogenase activity. 
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from the hexose diphosphate would have a lower specific 
activity than the molecule arising directly fro• the 
shunt. From the subsequ.ent reactions shown in the 
scheae, it can be seen that phosphate on the #3 carbon 
of glyceraldehyde becomes that on the 3 carbon of 
diphosphoglyceric acid and eventually the radioactive 
phosphate on 3-phosphoglyceric acid. This substance then 
should have a higher specific activity than hexose 
diphosphate which is also shown to be the case. The 
phosphoglyceraldehyde dehydrogenase reaction also 
introduces a labeled inorganic phosphate on the #l 
position of 1,3-diphosphoglyceric acid which phosphate 
is presumably transferred to ADP in the following step 
to fora ATP labeled in the terainal phosphate. This 
explains the rise in specific activity of ATP which is 
shown. The specific activity of 2,3-diphosphoglyceric 
acid should rise during the time course and does, but 
its relatively low specific activity is not understood 
at the present time. It is also interesting to note 
that there is a rise in the specific activity of both 
ADP and ade.nylic acid. These esters do not become 
radioactive by any of the reactions presented in the 
scheme and the increase in their specific activity lead 
us to believe that there aay be present in the ghosts, 
adenylate kinase& or inosine kinases. However, the 
action of these enzymes, if present, does not cause any 
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net synthesis of adenine nucleotide&. 
Interpretation of specific activities then is consis-
tent with the scheme in Figure 25, although this does not 
exclude the presence of other pathways to explain the 
radioactive labeling of the phosphate of the intermediates. 
Absolute proof of the mechanism of metabolism would involve 
14 the use of specifically labeled C substrates. 
Lactic acid production 
The production of glycolytic intermediates from the 
pentose moiety of nucleoside& leads to only a very small 
production of lactic acid in the ghost (Figure 26). 
The ghost in the absence of nucleoside was unable to 
produce any lactic acid. Under the same conditions of 
incubation, the red cell with inosine was seen to prod-
uce a large amount of lactic acid. In the red cell 
control, no nucleoside added, there was also product-
ion of lactic acid. Inosine causes a very large stimu-
lation of the lactic acid production. There is a 
time lag in the red cell for the production of lactic 
acid, the amount being formed initially being about 
the same as the control, but the rate of lactate 
formation increasing between the first and second hour 
of the incubation. 
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Figure 26, Production of lactic acid. 
(e) Red Cells were incubated with inosine (10 mM) and 
added phosphate (4.0 ~). Ghosts were incubated under 
the same conditions ( (t ) , The average pH with the red 
cells was 7.3 and with the ghosts 7.4. Red cell controls 
<e) and ghost controls <O) were incubated in the 
absence of nucleoside but with added phosphate (4.0 •M>· 
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Spectrum of enzymes in the erYthrocyte ghost 
Further characterization of the metabolism of the 
erythrocyte ghost, to find what 'lesions' are imposed 
on the cell by hemolysis; and to further interpret the 
data of the chromatographic separation of phosphate 
esters, entailed the assay of individual enzymes in the 
ghost. 
ATPase 
In view of the fact that the ATP level of the ghost 
is low, as shown by chromatographic analysis (7 ~Moles/ 
1012cells as compared to 90 ~Moles/lo12 red cells), it 
appeared necessary to determine whether this low level 
was due to a washing out of ATP in the hemolysis of the 
red cell or if osmotic hemolysis liberated ATP splitting 
enzymes. 
ATPase was assayed as described in the methods, by 
adding ATP and determining if there is any increase of 
ortho or Rrophosphate. The inorganic phosphate did not 
increase over the zero time sample, indicating that 
there was no ATPase activity in the ghost. 
DPNase 
The level of oxidized DPN in the red cell ghost has 
been measured fluorimetrically. The amount was 0.2 ~Moles 
/1012 ghosts, compared to 7.9 pMoles/1012 red cells. 
Table V shows the disappearance of added DPN from ghosts 
and red cells. It appears from this data that the DPNase 
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TABLE V 
Disappearance of added pyridine nucleotide& froa 
erythrocyte ghosts and erythrocytes 
Tiae PMoles of nucleoside/lo12cells 
Minutes Ghos t'8 Red cells Ghosts 
and and and 
DPN DPN TPN 
0 144 129 86 
1 160 117 33 
3 ~12 92 30 
5 104 76 28 
10 98 73 29 
20 88 53 
pH 7.45 7.13 7.45 
Approxiaately 0.5 pMole,, of pyridine nucleotide were 
added/al. of cell suspension in phosphate buffer. 
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is not very active in either the ghost or the red cell. 
A much more rapid disappearance of DPN would be expected 
if DPNase were liberated<S 4 >. Disappearance of DPN may 
be due to the conversion to DPNH which does not fluoresce 
under the conditions of measurement. The same rate of 
disappearance of DPN in ghosts as in red cells indicates 
that the preparation of the ghost by owr. method did not 
cause a liberation of DPNase. One experiment with ghosts 
showed a very marked disappearance of DPN. This may have 
been due to variation in this one preparation. Data 
also show a disappearance of added TPN from ghosts. 
This may be due only to a reduction, as none of the 
products of splitting were looked for. 
Hexokinase 
Measurement of reducing sugar in 17 experiments with 
ghosts either in the presence or absence of nucleoside&, 
showed a decrease in reducing sugar of 8.0 ~ 28 ~olea 
of glucose/1012 cells/hour. (S.E.= 7.2, T= 1.11) This 
corresponds to a P of 0.25 and indicates that the value 
is probably due to chance and does not measure a true 
utilization of glucose. The corresponding value for 
red cells is 176 ~ 19 ~Moles/1012 cells/hour (S.E.= 6.01, 
T= 29.3, P 0.01). This inability to utilize glucose was 
not due to depletion of ATP or a loss or inactivation of 
hexokinase as assay for hexokinase activity in ghost 
plasma suspensions, homogenized ghosts, and in cell 
free hemolysates showed no activity. Hexokinase, therefore, 
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is lost in preparation of the ghost and apparently 
inactivated, since no activity can be found in cell 
free heaolysate. 
Glucose-6-phosphate dehydrogenase 
In the presence of methylene blue, the red cell 
(57) has been found to oxidize glucose-6-phosphate • This 
activity (glucose-6-phosphate dehydrogenase) was assayed 
in the ghost and heaolysate by the addition of glucose-6-
phosphate and methylene blue. Figure 27 shows the activity 
of the enzyme. The oxidation of glucose-6-phosphate was 
stimulated in the ghost by the addition of TPN. In 
hemolysates there was observed no activity without the 
addition of this coenzyme. The enzyme activity is seen 
froa Figure 27 to be distributed between the ghosts and 
the cell free hemolysate, the latter showing greater 
activity. Without the addition of methylene blue there 
was no oxygen uptake in either the ghost or hemolysate. 
Phosphofructoisoaerase 
The presence of this enzyme in the ghost was suspected 
from the buildup of glucose-6-phosphate shown chromatogra-
phically. Its activity is confirmed by the addition of 
fructose-6-phosphate to the ghost and the conversion of 
this ester to glucose-6-phosphate. The glucose-6-phosphate 
is assayed as above by oxidation with glucose-6-phosphate 
dehydrogenase. Activity of the enzyae (Figure 27) is shown 
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Figure 27. Glucose-6-phosphate dehydrogenase and 
phosphohexoisoaerase activity in ghosts and heaolysates. 
A. Heaolysate- The incubation medium (2.7 ml.) contained 
0.2 mg. methylene blue, 0.48 micromoles of TPN, and 30 
micromoles of glucose-6-phosphate ( 0) or fructose-6-
phosphate (() ). The center well of the Warburg flask 
contained 0.2 ml. 30~ KOH. The flasks were incubated at 
0 37 C and the gas phase was air. The pH was 7.4. Control 
hemolysate, no substrate and no TPN, showed no oxygen 
uptake. Hemolysate with glucose-6-phosphate and no TPN 
also showed no oxygen uptake. 
B. Ghosts- The incubation medium (2.7 ml.) contained 
methylene blue (0.2 mg.) glucose-6-phosphate (Q) (30 
micromoles) of fructose-6-phosphate (A ) ( 30 micromoles). 
The other conditions were as above. ( () ) The medium 
contained methylene blue (0.2 mg.), glucose-6-phosphate 
(30 micromoles) and TPN (0.48 micromoles). Control 
values for ghosts with the addition of no substrate or 
TPN showed no oxygen uptake. 
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in the ghost, and hemolysate. The rate of oxygen 
uptake with fructose-6-phosphate is the same as with 
glucose-6-phosphate in the ghost. In hemolysate, the 
rate of oxygen uptake with this ester is slower than 
the rate with glucose-6-phosphate (Figure 27). 
Aldolase 
Aldolase was assayed in red cells, ghosts and bema-
lysate by the addition of hexose diphosphate as described 
in methods. Table VI shows that there was the production 
of triose phosphate. Under the conditions of the test, 
triose production reached a plateau in 20 minutes. Fructose 
diphosphate is permeable to the ghost as there was no 
increase in the amount of triose formed in a ghost 
prepared in the usual manner and then frozen and thawed 
to disrupt its structure. The initial rate of triose 
production was slower, however, in the intact ghost. For 
a comparison of activity in the ghost to that of the red 
cell, a frozen thawed whole hemolysate was used. Cell 
free osmotic heaolysate showed low activity in regard to 
this enzyme. The amount of activity in the ghost and 
hemolysate was less than in the red cell, possibly 
indicating a partial denaturation of the enzyme in the 
preparation of the ghost. 
Phosphopyruvate kinase 
Table VII shows the disappearance of iodine labile 
phosphate from red cells, ghosts and hemolysate. The 
substrate added was phosphoenolpyruvate. The production 
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TABLE VI 
Aldolase Assay 
Coaponent ~olea of triose %Total 
/20 a in. Activity 
Red cell 4. 92 jJJ'tolea/5 x 9 10 cella 100 
Ghost 1. 86 JlMolea/5 x 9 10 cella 38 
Heaolyaate 0.08 ~olea/al. 7 
* The final dilution of the heaolyaate was 1/11. The 
method of assay is described in the text. 
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TABLE VII 
Phosphopyruvate Kinase 
Component Phosphoenolpyruvate 
aetabolized/30 ain. 
Red cell 4. 41 pMoles/5 X 109 cells 
Ghost <F-T>* 0. 83 ~Moles/5 X 109 cells 
Ghost 0. 61 }'Moles/5 9 X 10 cells 
Heaolysate 2. 34 pMoles/al. 
The medium for the assay is described in the 
methods. Red cella were frozen and thawed 3 times with 
1 volume of water to avoid permeability difficulties. 
The entire frozen heaolysate was used for the assay. 
Heaolysate was prepared in the usual way and represents 
a 1/7 dilution of the original red cells, 
* Ghosts were prepared in the usual way and then frozen 
and thawed. 
-139-
of lactic acid in this experiaent was also measured 
and found to increase insignificantly in both the 
ghost and the heaolysate. The utilization of phos-
phoenolpyruvate by the ghost was ainimal whereas in 
the heaolysate there was much activity. 
Lactic dehydrogenase 
Table VIII shows the activity of lactic dehydro-
genase in red cells, ghosts and hemolysate. The red 
cells were frozen and thawed with 1 volume of water in 
order to eliminate any difficulties due to impermeability 
of DPNH. Ghosts were prepared in the usual aanner and 
then frozen and thawed. It is seen that the activity 
of the enzyme is found in the erythrocyte ghost as well 
as in the heaolysate, the ghost showing aore activity. 
There is apparently a liberation of activity as the 
activity of the ghost and heaolyaate exceeds that of the 
red cell. 
Component 
Red cells 
Ghosts 
Hemolysate 
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TABLE VIII 
Lactic Acid Dehydrogenase 
pMoles Lactate/30 min, 
2,98 ~Moles/~ x 109 cells 
3.81 ~oles/5 x 109 cells 
2, 24 pMoles/ml. 
The assay medium contained 10 ~Moles pyruvate 
and 4 _MMoles of DPNH/ml, 
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DISCUSSION 
The uptake of inorganic phosphate by the red cell 
is considered to be a metabolic process. The assumption 
that phosphate permeated freely into cells and than was 
involved in the metabolism of the cell has fallen into 
disrepute. In many casas it has been found that cell 
(182) 
membranes are relatively impermeable to phosphate • 
The mechanism of phosphate transfer into cells then must 
iaplicate a transport mechanism involving a carrier on 
the surface of the cell, or the action of enzymes on 
the surface of the cell which cause the phenomenon. The 
ghost being the plasaa aeabrane of the erythrocyte 
offers a possible aeans of studying phosphate transport. 
The red cell has been found to transport phosphate, the 
process being dependent of temperature( 183 ) and requiring 
the metabolism of glucose< 38 >. 
(184) 32 Experiments by Gourley adding P inorganic 
phosphate to red cells indicated that the inorganic 
182. Rothstein, A., The enzymology of the cell surface. 
in Protoplasmatologia. Handbuch dar Protoplasma-
forschung. Band II E 4 p 2-77, (1954). 
183. Gourley, D.H.R. and Gemmill, C.L., The effect of 
temperature on the uptake of radioactive phosphate 
by human erythrocytes ~ vitro. J. Cell. and Comp. 
Physiol. ~: 341-352 (1950). 
184. Gourley, D.H.R., The role of adenosine triphosphate 
in the transport of phosphate in the human erythro-
cyte. Arch. Biochem. and Biophys. ~: 1-12 (1952). 
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phosphate of the plasma did not equilibrate directly 
with that of the cell. The specific activity of the 
labile phosphate of ATP wa• found to be higher than 
that of the cellular orthophosphate, but after 8 hours 
they were equal. It seemed likely then that the ATP was 
a precursor of cellular inorganic phosphate. Studies 
by Prankerd (148) 32 and Altman adding P to red cells 
and separating some of the phosphate esters by paper 
chromatography showed that ATP was a precursor of the 
cellular inorganic phosphate, but that 2,3-diphospho-
glyceric acid was a precursor of the ATP by reason of 
the time course of the specific activities. It appears 
that the step in glycolysis responsible for the uptake 
of inorganic phosphate into the red cell is the phosphor-
ylation of 3-phosphoglyceraldehyde at the surface of 
the cell (the ghost). This ester is further involved 
in metabolism and' eventually gives rise to cellular 
inorganic phosphate by a breakdown of the ester phosphate 
t.g. ATP) formed. In the ghost, which is not capable of 
any metabolism of glucose, the uptake of inorganic 
phosphate by the cell would not be expected; very 
little is found in the ghost control. However the 
addition of nucleoside& causes a stimulation of the 
uptake of inorganic phosphate. This can be explained 
in two ways; there is a metabolic use of the nucleoside 
-143-
involving the esterification of inorganic phosphate 
and/or the nucleoside is metabolized with the production 
of phosphoglyceraldehyde which substrate is responsible 
for the uptake of inorganic phosphate. Both options are 
found to exist in the red cell and in the erythrocyte 
ghost. 
In addition to the demonstration of true esterifi-
cation of inorganic phosphate, the magnitude of the act-
ivation energies, 28,000, 19,000 calories/mole for the 
red cell and ghost, shows that the uptake of inorganic 
phosphate is a metabolic process and not a mere diffusion 
into the cell. A value of less than 3,000 calories/mole 
would be expected for a process of diffusion. This is 
especially significant in the ghost. The dissimilarities 
of the activation energies for the erythrocytes, ghosts, 
and hemolysate imply differences of phosphate uptake by 
these tissues. The value of the activation energy for 
phosphate uptake for red cells with inosine is appreciably 
higher than the value found in unfortified cells. Gourley 
(183) gives a value of 16,700 calories and Prankerd a 
value of 19,000 calories< 148 ) for red cells. The lower 
value for the ghost might reflect a greater permeability 
of nucleoside. Soluble enzymes in the hemolysate would 
cause significantly more rapid reactions. A second 
explanation is differences in the metabolism of phosphate 
by the three species. The activation energy for the 
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phosphorylation of inosine by a purified preparation 
of nucleoside phosphorylase from red cells has been 
found to be 7,300 calories/mole at pH 7.5< 185>. This 
value, 7,300 calories, added to the value for red cells 
without nucleoside&, 19,800 calories, gives a value of 
27,000 caleries which is comparable to the value we 
find in red cells with inosine. The magnitude in the 
red cells suggests that there are at least two mechanisms 
for phosphate transfer in red cells when nucleoside& are 
present. 
The fact that in the intact red cell there is a 
phosphorylation in the presence of nucleoside, argues 
that the enzyme responsible is located near the surface 
of the cell. Inorganic phosphate cannot permeate the 
cell by diffusion. The presence of larger amounts of 
this enzyme activity in the hemolysate than in the ghost 
confirms the localization of the enzyme. Some of the 
enzyme is apparently dissociated from the cell membrane 
in the preparation of the ghost. 
The presence of nucleoside phosphorylase in the 
red cell has been indicated by the work of Gabrio{ 141 ) 
and Prankerd{ 147 ) and Rubinstein{ 144 >. The isolation 
185. Tsuboi, K.K. and Hudson, P.B., Enzymes of the human 
erythrocyte. II. Purine nucleoside phosphorylase; 
Specific properties., J. Biol. Chem. ~~ 889-897 
{1957). 
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of the purified enzyme from red cells has been accom-
plished by both Huennekens< 148 ) and Tsuboi( 186 >, We 
have demonstrated that the erythrocyte ghost will 
phosphorylate the pentose moiety of the nucleosides, 
inosine, adenosine, and guanosine. Adenosine is first 
converted to inosine and then metabolized, Earlier work 
(142) by Prankerd indicated that adenosine was aplit to 
adenine, This observation has been refuted by the work 
(144) 
of Rubinstein and Denstedt who measured the a&abol-
ism of nucleosides in the red cell by a paper ionographic 
technique. They identified the products of the metabol-
ism of adenosine to be inosine and hypoxanthine. The 
inosine formed was found to build up, diffuse from the 
cell, and be eventually metabolized to hypoxanthine, 
They also found that guanosine was converted to guanine. 
These observations are concordant with the results we 
have obtained using a more accurate quantitative analytical 
measurement. The results found with the purified enzyme 
are also in agreement with ours, that is the nucleoside 
phosphorylase of the red cells will attack only inosine 
and guanosine, and the metabolism of adenosine must proceed 
by the prior action of adenosine deaminase on the substrate. 
186. Tsuboi, K.K. and Hudson, P.B., Enzymes of the 
human erythrocyte. I. Purine nucleoside phosphory-
lase; Isolation procedure. J. Biol. Chem. ~: 
879-887 (1957). 
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We found that with ghosts, red cells and hemolysates, 
the rate of production of hypoxanthine from adenosine 
was slightly slower than the rate of production of this 
metabolite from inosine. The discrepancy between the 
rate of metabolism of these compounds was the greatest 
in the hemolysate, probably indicating that the partition 
of the adenosine deaminase activity between the ghost 
and hemolysate favored the ghost. This does not appear 
to be the case with the partition of the nucleoside 
phosphorylase activity. Rubinstein has studied the 
partition of nucleoside phosphorylase and adenosine 
deaminase between stroma of the cell prepared by freeze 
thaw hemolysis, and the resulting cell free hemolysate. 
He finds that 8$ of the adenosine deaminase and 10~ of 
the nucleoside phosphorylase activity are located in 
the stroma, the bulk of the activity being found in 
(144) the hemolysate • These results are slightly differ-
ent than ours, as we found more activity in the ghost. 
The reason for this discrepancy is the difference in 
preparation of the stroma. 
The importance of nucleoside phosphorylase to the 
metabolism of the red cell must not be minimized. The 
enzyme is present in very hlgh activity in the cell, an 
estimate of the amount being 0.5~ of the protein of the 
cell. This would amount to 5-10~ of the non-hemoglobin 
protein. The turnover number of the ~nzyme is quite 
high, 2,100 moles/min./10,000 gms. of protein( 185 >. The 
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benefit of the metabolism of nucleoside& in the red 
cell comes not from the split of the purine from the 
nucleoside but from the subsequent metabolism of the 
pentose moiety. The free purine has been found not 
to be metabolized or utilized by the ghost,erythrocyt~ 
or hemolysate. To study the metabolism of the carbohy-
drate of the nucleoside, the ghost has offered a very 
convenient system. Because of its inability to utilize 
glucose, and because of its low initial store of carbo-
hydrate intermediates, any products accumulating in 
the ghosts must have arisen from the substrate added, 
the nucleoside. The ability of the ghost to metabolize 
in the presence of nucleoside& also allows us to study 
what metabolic reactions are present in the system, 
how its metabolism differs from that of the red cell, 
and what effect hemolysis has on the metabolism of the 
red cell. 
Data on the metabolism of nucleoside& in erythrocyte 
ghosts presented here indicate that the anaerobic portion 
of the hexosemonophosphate shunt is the mechanism for 
the utilization of the pentose. Previous studies with 
red cells stored at 2C with adenosine indicated that 
the shunt was involved in the metabolism of the nucleo-
side, but did not present any evidence for it. Nucleo-
sides were found to cause a regeneration of the ester 
phosphate of the stored red cell, particularly the 7 
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(136) 
minute hydrolyzable fraction • This fraction 
contains the ATP of the cell but is not a specific 
measure of the ATP. The mechanism of ATP regeneration 
was not the phosphorylation of the adenosine to ATP, but 
due to metabolism of the phosphate esters produced from 
the pentose of the nucleoside. Accompanying the increase 
in the 7 minute hydrolyzable phosphate there was an 
increase in the difficulty hydrolyzable phosphate and 
the non-hydrolyzable phosphate (2,3-diphosphoglycerate). 
The methods used by Gabrio in these investigations, the 
differential hydrolysis of phosphate esters, are not 
(148) 
specific. Prankerd studied adenosine metabolism 
in red cells partially depleted of their phosphate 
esters by incubation at 37C in the absence of nucleosides. 
Adenosine was added to the blood, incubation continued 
at 37C and some of the phosphate esters produced separated 
by paper chromatography. Prankerd concluded that adenosine 
caused a slight increase in the ATP of the cell, and an 
increase in the 2,3-diphosphoglycerate. The only esters 
separated were ATP, ADP, and 2,3-diphosphoglycerate. 
For this reason the results presented are incomplete 
as far as a study of the mechanism of the metabolism of 
nucleosides, and at the best semiquantitative. In a study 
with stored blood, Prankerd( 149 ) found that in blood with 
adenosine there was a slower decrease in 2,3-diphospho-
glycerate than in blood with only glucose added. There 
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was less inorganic phosphate accumulation than in 
blood stored with glucose; there was no significant 
difference in fructose diphosphate or glucose-&-
phosphate. Lactate production was increaaed with 
adenosine, and there was no synthesis of ATP. If 
blood stored with adenosine was incubated at 37C, 
however, there was a synthesis of ATP and an increase 
in the cellular potassium. 
Decrease in the level of ATP is considered to be 
the critical point in causing stored blood to lose 
viability( 133 >. By specific enzymatic methods, the 
appearance of ATP in red cells incubated with inosine 
is shown to be accompanied by a decrease in the ADP and 
AMP of the ce11( 187 >. The increase in ATP is found 
only to be momentary. The mechanism whereby the 
formation of ATP is made possible is probably by supply-
ins the cell with phosphoglyceraldehyde. The increase 
in this substance, in the presence of nucleoside&, is 
reflected in the high level of phosphoglyceric acids 
occuring in the ghosts after incubation with inosine. 
The phosphoglyceraldehyde is further metabolized to 
lactic acid in the red cells via the Embden-Meyerhof 
scheme of glycolysis, with the phosphopyruvate kinase 
step causing the phosphorylation of ADP to ATP. There 
187. Overgaard-Hansen, K., Jorgensen, S. and Praetorius, E. 
Rephosphorylation produced by inosine and adenosine of 
adenosine monophosphate and adenosine diphosphate in 
human erythrocytes. Nature 112: 152-153 (1957). 
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is doubt that ADP can be phosphorylated in the con-
version of 1,3-diphosphoglyceric acid to 3 phosphoglyceric 
acid. From all indication the metabolism of the former 
compound proceeds predominantly by the conversion to 
2,3-diphosphoglycerate and the hydrolysis of the latter 
ester to 3 phosphoglycerate. Nucleosides allow the red 
cell to produce a phosphate ester (ribose-5-phosphate) 
without utilizing ATP. We can assume that the sum of 
the reactions of the hexosemonophosphate shunt is the 
production of 2 molecules of fructose-6-phosphate and 
one molecule of glyceraldehyde-3-phosphate from three 
molecules of ribose-5-phosphate, and that no ATP is 
utilized. The attainment of the same products from 
glucose would entail the utilization of three molecules 
of ATP. Using the value of the production of these 
compounds in the ghost as a minimum value (333 ~Moles 
/l012cells/3 hours) we see that there would be a censer-
vation of 111 pMoles of ATP/hour/1012 cells or in terms 
of free energy, a gain of ~ x 111 x 10-6 x 7800 = 
87 
9.9 calories/1. cells/hour. The conversion of these 
products to lactic acid in the red cell would yield a 
minimum of 1 ATP/mole of ribose (phosphopyruvate kinase 
ste~) or 9.9 cal/l.cells/hr. This is a considerable 
gain in frse energy and might account for the discrepancy 
in the amount of energy needed for the functions of the 
cell (see above) and the amount produced from glycolysis. 
Thus the normal functioning red cell may utilize nucleo-
-151-
sides produced in the liver for their energy metabolism, 
and nucleoside& may be of importance physiologically as 
well as in the storage of the cells. 
The erythrocyte ghost does not accumulate ATP in 
the presence of nucleoside. The reason for this cannot 
be that there is an activation of ATPase, because this 
enzyme has been found to be absent in the preparation. 
The low level of ATP can be due to the low level of 
activity of phosphopyruvate kinase, which has been shown 
in the ghost, and secondly to the fact that there is a 
utilization of a molecule of ATP in the phosphorylation 
of fructose-a-phosphate to fructose diphosphate. It is 
also possible that there is a very slow breakdown of ATP 
to hypoxanthine, as such a mechanism has been found in 
(105) the red cell by Chen . Data showing a very high 
specific activity of the phosphate of AMP indicates that 
in addition to the slow destruction of the adenine nucleo-
tides, there is a simultaneous but small phosphorylation 
of inosine. The total amount of adenine nucleotide in 
the cell does not increase. This observation is inter-
eating in view of the fact that it has been shown that 
adenosine causes a very slight increase in the total 
(187) 
adenine nucleotide of the red cell • 
The results that we obtain in ghosts for the metabol-
ism of nucleoside& can be compared with the results ob-
tained by Diache in a fluoridated frozen thaw hemolysate(?O)• 
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Certain differences in the system are apparent; First 
hemolysate prepared by freezing and thawing methods 
is not directly comparable to the ghost, which is an 
organized cell. Dische's system was completely devoid 
of ATP by fluoridation and storage, and oxidation of 
triose phosphate was prevented by the addition of 
bromacetate, The methods of analysis used by Dische 
were not specific for identification and quantitation 
of the products formed, but with the corrections he 
introduced they give a fairly good idea of what is 
taking place in the system, The products formed in this 
system were fructose-6-phosphate, glucose-6-phosphate, 
fructose diphosphate, and triose phosphate. There was 
the appearance of an ester that resembled ribose-5-
phosphate. Hexose diphosphate that arose in the system 
was probably formed by the condensation of triose in 
the presence of aldolase. Fructose-6-phosphate and 
glucose-6-phosphate were considered to arise by different 
mechanisms, although the reasoning involved in r.eaching 
this conclusion does not seem adequate, The results we 
obtained in the ghost are essentially in agreement with 
those of Dische, and they extent his observations on the 
metabolism of nucleoside& in the red cell, The ghost 
was able to metabolize the triose formed as shown by 
formation of phosphoglyceric acid. Ribose-5-phosphate 
and fructose-6-phosphate are identified by chromatography 
and probably arise from the hexosemonophosphate shunt, 
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Fructose diphosphate apparently arises from the 
phosphorylation of fructose-6-phosphate as shown by 
interpretation of the specific activities. Some of 
it could arise by the condensation of 2 molecules of 
triose as Dische found in his system, but not the 
major part. Glucose-6-phosphate is presumed from 
evidence we have shown to arise from fructose-6-
phosphate and not by a separate mechanism. The 3 hour 
chromatographic sample shows about 36% of the hexose-
monophosphate in the form of fructose, which agrees 
well with the value for the equilibrium of the isomerase 
(70) 
reaction in red cells as found by Dische (30-40%) • 
It is interesting that the erythrocyte ghost can 
produce phosphoglyceric acid in spite of its low concen-
tration of DPN. This coenzyme is needed for the triose 
phosphate dehydrogenase step. There is a possibility 
that the DPN which is reduced in this step is regenerated 
by reactions other than the conversion of pyruvic to 
lactic acid (this activity being low in the system). 
Possible coupling mechanisms for the regeneration of 
the DPN would be methemoglobin reductase or glutathione 
reductase. 
The very small lactic acid production in the ghost 
in the presence of nucleoside& is interpreted to be 
due not to the loss of lactic dehydrogenase from the 
cell in hemolysis but due to loss of enzymes needed to 
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convert phosphoglyceric acid to pyruvic acid. The 
loss of activity of phosphopyruvate kinase is impli-
cated but there may be in addition a loss of enolase. 
The amount of lactic acid formed in the red cell 
in the presence of nucleoside is less than that found 
(144) by Rubinstein and is interpreted on the basis that 
we did not add any glucose to our red cells. The 
presence of inosine can however be shown to increase 
the lactic acid production in the red cell. 
Demonstration of an organized metabolism in the 
red cell ghost indicates the presence of many enzyme 
systems in the red cell membrane. The erythrocyte 
ghost gives us direct evidence of membrane enzymes, 
assuming that in the preparation of the ghost there is 
little loss of protein from the membrane. Enzymatic 
activities previously ascribed to the red cell 
membrane were the uptake of glucose and the transport 
of cations although specific enzymes for these processes 
have never been isolated( 188 >. In addition, specific 
anzymes in the membrane are ATPase(lOO), 2,3-diphos-
(101) (127) phoglycerate phosphatase , choline esterase , 
(84) (129) DPNase , and peptidases • Dehydrogenase& are 
assumed to be located in the surface of cells but 
have not been demonstrated previously in the stroma of 
188. Prankerd, T.A.J., The activity of enzymes in meta-
holism and transport in the red cell. 
Rev. of Cytol. ~: 279-301 (1956). 
International 
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(182) 
red cells • In addition to these above enzymes, 
we have demonstrated that the red cell membrane 
contains many other enzymes, adenosine deaminase, 
nucleoside phosphorylase, many of the enzymes of 
glycolysis and of the hexosemonophosphate shunt. 
The reasons for the presence of some of these enzymes 
in the cell free hemolysate may be either that they 
are washed off of the membrane, or that the cell is 
incompletely hemolyzed and these activities do not 
properly belong to the membrane of the cell. We 
prefer to think that they belong to the membrane of 
the cell but are loosely bound. Hemolysis of the 
cell by procedures other than mild osmotic hemolysis 
might remove them, but it will also remove much of 
the protein from the cell membrane and cause a disruption 
of the membrane with a loss of cellular shape and 
permeability properties of a membrane. 
METABOLIC REACTIONS IN ERYTHROCYTE GHOSTS 
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The purpose of this study was to elucidate the extragly-
colytic pathways of metabolism in the erythrocyte, mainly 
through the study of the metabolism of nucleosides in the 
erythrocyte ghost: and to study the effect of hemolysis on 
the metabolism of the erythrocyte. 
The structure, function and metabolism of the erythrocyte 
are reviewed. Work done by other investigators on the effects 
of nucleosides on erythrocyte preservation and metabolism is 
described. 
Erythrocyte ghosts were prepared by hemolysis of the 
erythrocytes at room tempe·rature for 20 minutes with 6 volumes 
of water, and isotonicity restored with hypertonic buffer. 
The ghosts were found to be morphologically intact cells 64% 
in size, and containing 21% of the hemoglobin of the erythro-
cyte. Their inability to utilize glucose made ghost suspensions 
an excellent system for studying the extraglycolytic metabolism 
of the erythrocyte. Ghosts so prepared were incubated with sub-
strates in a physiological buffer under 95% 0 2 and 5% C02 • 
Phosphate was determined with molybdate, pentose with 
orcinol, ketosugars with cysteine-carbazole. Hypoxanthine and 
lactic acid were determined by specific enzymatic methods. 
32 
P was counted in an end window Geiger-Mueller counter. 
X 
Phosphate esters were separated by anion exchange chroma-
tography and quantiated, 
Nucleosides were found to stimulate the uptake of 
inorganic phosphate by the ghosts and red cells, Activation 
energies of 26,000 (cal./mole) for red cells, 19,000 for 
ghosts, and 9,000 for cell free hemolysates confirmed the 
uptake of inorganic phosphate as a metabolic process. The 
esterification of phosphate resulted from the action of 
nucleoside phosphorylase. This enzyme was distributed between 
the ghost and hemolysate, and split inosine and guanosine with 
the production of hypoxanthine and guanine, Adenosine gave 
rise to hypoxanthine by being first deaminated to inosine, 
The pentose of the nucleoside was found to be metabolized, 
Accumulation of ketopentose and ketohexose was shown, Ribose-
5-phosphate was metabolized with the production of the same 
products, indicating that this ester is a metabolic intermediate 
in the metabolism of nucleosides. Column chromatographic 
separations of trichloroacetic acid extracts of ghost suspensions 
incubated with inosine indicated that the anaerobic portion of 
the hexosemonophosphate shunt was the mechanism for the 
utilization of the pentose of nucleosides. Ribose-5-phosphate 
and ribulose-5-phosphate accumulated in the system and were 
further metabolized. Fructose-6-phosphate and fructose diphos-
phate accumulated, There was no buildup of sedeheptulose 
phosphate or glyceraldehyde phosphate in the ghost, these 
esters being apparently transient in the system, The major 
products accumulating in the ghost were monophosphoglyceric 
acid and diphosphoglyceric acid. These compounds were very 
XI 
slowly metabolized to lactic acid. The time variation of 
specific activities of phosphate was consistent with the 
phosphorolytic cleavage of inosine to ribose phosphate. 
Ribose phosphate was converted to fructose-6-phosphate which 
was metabolized to glucose-6-phosphate and fructose diphos-
phate. The specific activities of phosphoglyceric acid were 
appreciably higher than fructose diphosphate in the first 
hour and a half of the incubation, indicating that the 
production of triose resulted from reactions other than the 
aldolase splitting of hexose diphosphate. Large changes in 
specific activities of phosphate of the adenine nucleotides 
indicated their involvement in metabolism. Increases in the 
specific activities of adenylic acid show a possible synthesis 
of this compound from nucleoside, despite a total net decrease 
in adenine nucleotides. 
Assay of specific enzymes in the ghost demonstrated that 
hemolysis of erythrocytes caused a loss of hexokinase and a 
"lesion" in enzymes converting phosphoglyceric acid to lactic 
acid. The existence of organized metabolism in the ghost 
indicates the iaportance of the meabrane in the metabolic 
activity and fuBctioning of the red cell. Further, the 
established pruence and t.urnover of a group of phosphate 
esters resulting fr- phosphory~ytic cleavage of nucleosides 
shows a well delin.ated anaerobic hexose monophosphate shunt 
to exist in the human erythrocyte. 
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